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t\' ' Abstract
\EgTo meet new reouirements and correct existingedefic-
iencies SAC is upgrading its Headquarters Commemd,éost by
adding five state-of-the-art electronic systems;}‘éfter
installimg the sjstems, SAC must determine mhetherfthe equio-
ment will be malntaxned by contractors, A1r Force techn1c1ans,
or a combination of contractor and Air Force technicxans. If

Air Force technicians maintain the equ1pment threerAxr Force

~ Specialties will be required.

The purpose of'this thesis is to'develop‘a'mooel which -
can be used to determine the number of Air Forceftechnicians'
required to maintain the eqoipment'planned for theisAC Command
Post .upgrade. The model was developed, tested end valldated
using the system science paradigm as.a conceptual framework
and the Q-GERT simulatlon language as the implementxng tool.

The results of the simulation model were analyzed usxng

multiple analysis of varlance. THe results 1nd1cated that two

‘technicians of each A1r Force Specialty, one 5-leve1 ‘and one

3- level were sufficient to prov1de an equlpment avallabzlzty

of greater than 99 percent. Furthermore, the results indicate

that the utilization of the technicians would be sollow that

the same technicians would be able to maintain emother system

of similar size,in addition to the‘dpgraded Command Post . _;
systems, and:stillhmaintain an availability greater‘than |

99 percent. (:f*»«“ml_w_“_\\

—
-
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A Q-GERT MODEL FOR DETERMINING
THE MAINTENANCE CREW SIZE FOR
THE SAC COMMAND POST UPGRADE

I INTRODUCTION

Background

To meet new requirementé and correct existing defic-
iencies SAC decided to upgrade its Headquarters Command Post
by adding five state-of-the-art electronic systems. 'These
electronic éystems, like their predecessors, will require
maintenence and SAC must decide upon a concept for maintain-
ing them. Three concepts commonly used on‘the t}pe of
equipment planned for the SAC Command Post upgrade are
contractor maintenance, U.S. Air Force "blue suit" maiﬁfen-
ance, and combined contractor and'Air Force maintenance.

When comparing these maintenance concepts,SAC must
perform both qualitative and quantitative analysis on the
options. Qualitative issues include such concepts as
contrel over maintenance personncl, quality of mainten-
ance, and responsiveness to equipment outages. Qualitative
issues, then, are subjectively‘judged and, depending on
circumstances may be the overriding issues when choosing
a-maintenanée concept. However, when‘qualitative issues
are not overriding, or if qualitative judgements are not

decisive, quantitative issues become important.

L - . . i . . e \
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The>quantita;ive issues_normally’associated,éiﬁh
maintenance include cost of logistics support, cost of
technical documentation, and cost ofvmaintenéﬁCeretSanel.
When contractors provide maintenance, they u;ﬁélly p£ovide

the logistics support and technical documeniatiQn‘éééociated

‘with that maintenance. Bids forfmaintenance‘EOnFEActs then,

usually contain all costs associated'with,maihteﬁéﬁ§é._
‘Conversely,when the Air Force pro?idesrthef@éiﬁtéhahce,
it must also provide the logistics support aﬁ&‘teéhdicél
documentation. Air Force Logistics Command (AFtC)iccmputes
the life cycle cost of providing logistics suﬁédiﬁ using
standard formulas, and contractors submit’cOSﬁs fét;fech-
nical documentation along with bidS‘for integtatiﬁn énd
installation contracts. However, tb compute‘maintenance
personnel costs Air Force Communications Command (A?CQ)‘
needs to know the number and skill leve! mix 6f,theimain-5:
tenance personnel required foflé system. '

‘Currently, though, SAC doas not know the humberfor

skill level mix of maintenance personnel required. to main- —

tain the equipment planned for the upgraded SAC Cdﬁmand 
Post. Furthermore, SAC does not have a method of déﬁérmining
the required number or skill levels of maintenance ﬁeréonnelv
for new systems. In fact, the current method of detezminith
how many maintenance personnel aie required for a‘ﬁéﬁb

system involves focmer maintenance personnel making'éducated
guesses. While this method is sometimes successful, bften

the guesses are wrong, especially when the system contains

L — —
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a new technology.

These wrong guesses can cause severe short term prob-
lems with system maintenance, especially if the initial main-
tenance crew is too smaitl. Too few people on the maintenance
crew can result in lower than required system availability
and low morale among the maintenance personnel.» On the othef
hand, overestimating maintenance crew size can waste money
by spending too much for Air Force maintenance personnel or
hiring contractors when Air Force maintenance would be more
cost effective. Accurate estimates of the maintenance crew
size, then are critical for making valid cosﬁ eétimates to
compare contractor versus Air Force maintenance.

Problem Statement

The current method of determining the number of people
required to maintain an electronic system at SAC involves
experienced maintenance personnel making educated guesses.,
No method exists, manual or automated, which determines the
appropriate number of maintenance personnel required to
maintain the electronic equipmeﬁt planned for the SAC
Command Post upgrade. Before SAC can determine whether to
use contractor or Air Force maintenance, or a combination of
the two, SAC needs an accurate determination of the ~'mber
and skill level mix of the Air Force maintenance personnel
required to maintain the upgraded Sal Command Post| (Ref 1).
Objective |

The primary objective of this thesis is to develop




..................
-------------------------------------------------------------
......................

test, and validate a model which can be used to.detetmine
the number and skill level mi# of Air Force mainteaance
personnel required to maiﬁtain the electronic systems’
proposed for the SAC Command Post upgrade.
Subobjectives include:
1. Determination of the sénsitivity of the maintenance
crew size to variance in equipment reiiability
 (expressed in terms of mean time between fail-
ures (UTBF)) and maintainability (expressed in
terms of mean time to repair {MTTR)),system size
and complexity, spares level, aud system avail-
aBility and maintenance response requirements.
2, Determination of the sensitivity of'system avail-
ability to variahce in equipment reliabiliﬁy and
‘maintainability, system size and‘complexity,

spares level, and maintenance crew size.

Methodology

Modeling the availability, reliability, and main-
tainability of the systems planned for the new SAC Command
Post to determine the appropriate number of maintenance
personnel quickly becomes too complex to célcuiate ana-
lytically. With five separate, yat integrated electronic
systems in the upgraded Command Post, each system éontaining
a variety of subsystems, complete mathematical formulation of
the system availability, reliability, and maintainability |

becomes extremely difficult, if not impossibie.
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Because of the complexity of the SAC Command Post
systems and subsystems, computer simulation was chosen for
the model.. Of the six conditions Shannon lists for applica-
tion of computer simulation, the following three apply in
this case: (Ref 19:11):

1. A complete mathematical formulation of the problem
does not exist or analytical methods of solving
the mathematical model have not been developed. -
Many waiting line (queueing) models are in this
category.

2. Analytical methods are available, but the math-
ematical procedures are so ccmplex and arduous

that simulation provides a simpler method of
solution.

3. It is desired to observe a simulated history of
the process over a period of time in addition to
estimating certain parameters.

When developing complex simulation models, the need
for a conceptual framework is paramount. The system science
paradigm suggested by Schoderbek, Schoderbek, and Kefalas
was chosen as the conceptual framework for the model devel-

oped in this thesis. The system science paradigm consists

of three phases: (1) conceptualiiation, (2) analysis and

" measurement, and (3) computerization (Ref 18:295-303).

In the cohcéptualization phase the scientist looks at

-the system as open and organic, having constant interactions

- with its environment. The scientist therefore focuses on

both the system and its environment, and models the inter-

actions between the system and its environment. Finally,

the scientist tries to understand as much of this interaction

as possible (Ref 18:297).

------
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The analysis and measurement phase of the sySféﬁ
science paradigm consists of converting the conceégual-
model developed in Phase I inﬁo a parame:ric mbde1;' Wh¢n
developing a parametric model the scientist musﬁ decide:
(Ref 18:301) o

1. In what language he will express his results
(language). L

2. To what objects and in what environment hls
results will apply (specification).

3. How his results can be used (standardlzaiiéﬁ);

4. How onme can assess the "truth" of the results
and evaluate their use (accuracy and comtrol).

Computerization involves translating the'parametric
model developed in the analysis and measurement phéée into
a "compﬁter-consumable project" (Ref 18:302). Ihekré$qlts
of this cémputer program will dictate the necessity téy
repeat the first two phéses. The system sciencekparadigm,

then,vis an iterative process (Ref 18:302,303).

Overview

Chapter I contains the development of the problem
addressed in this thesis and explains the approach taken

in this thesis to solve it. It ekplains why the problem

‘exists and what benefits can be expected from derlving

a solutlon to the problem.

Explaination of the development of the conceptualiza-

tion phase occurs in Chapter II, Conceptualization'bggins
with the cones-of-resdlution technique describéd by Schoder-

bek, Schoderbek, and Kefalas and uses causal diagrams to

-
/
/
' . ‘ .
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explain important interactions in the third level of reso-
lution. In addition, Chapter II sho&s the development of
the equipment configuration modeled. in this ﬁhesis. '
Chapter III contains a discussion of the analysis and
measurement phase of the system science paradigm. The

conceptual model developed in Chapter II will be analyzed

to determine what components and subsystems contribute to

system availability. Additionally, this chapter defines
system availability for the system being modeled. Finally,
Chaptef III describes the parametric model developed from
the conceptual model and contains a description of the
Q-GERT model. _

' Chapter IV discusses how the parametric hodel devel-
oped in Chapter III is computerized. That is, this chapter
discusses how the Q-GERT model is converted into Q-GERT
and FORTRAN code and run on the computer. This chapter'
describes how the computer code works. |

Chapter V contains the validation and verification
of the model. Justification for the reliability and main-
tainability times and probability distributions is provided.
In addition, this chapter describes the verification process
for determining that the results obtained from this simula-
tion are in fact good and can be used as intended.

Conclusions and recommendations are contained in
Chapter VI. Tha applicability of the results of this

thesis will be discussed along with recommended extensions.
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As stated in Chapter I, the first phase of the system
science paradigm involves conceptualization. In this phase

the researcher focuses on both the system and its environ=-

4 4

ment, models the interactions between the system and its

ot

é§ envoronment, and tries to understand as much ofkthe inter~

:i actions as possible. As suggested by Schode:bek Schoder-‘

53, bek, and Kefalas, the cones of resolution technlque proves

E; especially helpful durlng tne conceptuallzatlon.phase (Ref 18:
; E, 297-299). | |

i v ' ' With the cones of resolution technique the researcher

53 : advances from the abstract to the detailed by‘proéeédiﬁg

i through the levels of the cone, Level one is the most

ﬁs abstract level. In level one the researcher takés'a broad

g look at the system and iﬁs environment, and chooses one of

2 o

the distinguishable features at that level. To a&vance to
the second level the researcher expands upon the feature,
breaking it.into further distinguishlng features. The ‘
process of selectlng and expanding features, ‘then, prov1aes
a path to each subsequent level. The :esearcher,kthen,
proceeds through the levels of resolution until the level
with the desired detail is reached. | “

as an example of the cones of resolution technique
consider a person planning a vacation. Based on the persons

interests and finances he must decide where to go for vaca-

K LSRR IR R RARARRN" 5LV

tion. In this case, the first level of resolution is the
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éntire world. Picking ome country, say the United’States,
as a distinguishable_featﬁre, the vacationer can advance to
the'second level of resolution. The vacationer can further
break the Unites States into distinguishable features, the
various states, and choose one, possibly California, thereby
advancing to the third level of ;esolution. California,
being ‘a large state, would be too difficult to fit into one
vacation, therefore the vacationer must also break‘it into

distinguishable features, possibly cities, and choose one,

- say San Francisco and advance to the fourth level of resclu-

tion. Once at the fourth level, the vacationer will choose

those distinguishable features that he wishes to visit, such

.as the Golden Gate Bridge, Fishermans Warf, and the catle

cars. This vacationer's cones of resolution for his vacation

would contain four levels.

Figure 1 contains a meclel of the Command Post - Envi-
ronment Intevactions System using cones of resolution. In

this model, level one shows the simpie relationship between

the Command Post and its environment. The first level

provides little useful information by itself, but provides
a logical step to the second level.
Level two focuses on the Command Post environment.

This level elaborates the interactions of the Battle Staff,

Controllers, Emergency Actions (EA) Team, Support Centers,

and electronic equipment. The interactions of greatest

concern involve the equipment. In every case the equipment
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Feedback loop 1_

| . '8
Environment: Command Post:
Battle Staff, Operations,
Controllers. Training.
EA Team, Supt Briefings,.
Cntr,Equip. - Tours.

: Level 1

- g?;g%e , Controllers =

Equipment [~ Environment

Support
Centers

EA Team

Availability |

Function » Equipment Configuration

o .

) MD | 1| ; c):Zo o;o

Level 4 —

RN GEMES G GREER G S

IF X =10.0 THEN

DO 15 K = 1,100
Level 5

Figure 1, Command Post - Environment Interaction System
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provides the users with the information nzeded to make
decisions. The third level, therefore, models the eqﬁip-
ment sector of the Command Pﬁst environment.

Level three breaks the equipment sector into three
smaller sectors - availability, function, and configuration.
To provide the Command Post users with critical informaiion
when needed, the equipment must pperate satisfactcrily for
long periods of timé (availability). In addition, the equip-
ment must provide the information in the form most useful
to the Command Post users (function). Finally, the various
systems must be put together in such a way that the users
can easily obtain the information (configuration). Td
better explain the interactioné of the equipment within the

Command Post the next three sections provide detailed de-

-scriptions of the eqﬁipment availability. function, and con-

figuration.

Availability

Availability is a function of reliability and main-
tainability; therefore, before availability can be defined
it is necessary to define reliability and maintainability.
Kapur and Lamberson provide the following definition of
reliability: (Ref 9:1)
The reliability of a system is the probability that,
when operating under stated environmental conditionms,
the system will perform its intended function adequate-
ly for a specified interval of time.

However, Kapur and Lamberson point out three problems

11




with this definition: (Ref 9:1)

(1) the acceptance of the probabilistic notion»af
reliability which admits the possibility of °
failure, ‘

(2) the concept of adequate performance for system

: parameters that deteroirate solely with time,
and

(3) the judgement necessary to determine the proper

- statement of environmental conditions.
Chapter V addresses these problems in explaination of the
analysis and measurement phase of the system science paradigm.
Similarly, Kapur and Lamberson define maintainability
as "the probability that a failed system can be made operable
in a specified interval of downtime" (Ref 9:225){ Frctors
contributing to downtime include failure detection time,
repair time, administrative time, and logistics time. The
maintainability function, then, describes the probabilistic
time a system will remain in a failed state (Ref 9:225).

Using the above definitions of reliability and main-
tainability, Kapur and Lamberson provide the following
definition of availability: (Ref 9:225)

Availability is defined as the probability that a

system is operating satisfactorily at any point in

time and considers only operating time. and downtime, -

thus excluding idle time. Availability is a measure

of the ratio of the operating time of the system to

the operating time plus the downtime. Thus it

includes both reliability and maintainability.
Furthermore, Kapur and Lamberson define the availability
function to be

o - Operating time '
Availability (A) = Operating time + downtime ' 1)

or equivalently

- Mean time to failure (MTITF) (2)
Mean time to failure (MITF) + Mean time to repair (MIIR)

A
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When using the exponential distribution to describe the

| reliability function, equation (2) can be rewritten as

A = Mean time betweeh'failures'(MTBE) (3)
Mean time between failures (MTBF) + MITR

Justification for using the exponential distribution to
model equipment failures in this thesis islprovided in.
Chapter V. “

To further explain the interactions associated with
availability, Figure 2 contains a causal-loop diagram of
the factors contributing to availability. Richardson and
Pugh describe causal links (the arrows used in causal-loop

diagrams) as follows: (Ref 17:26)
N |
A causal link from A to B is positive (1) if A adds

to B, or (2) if a change in A produces a change in B
in the same direction. -

| A~ 7B

A causal link from A to B is negative (1) if A sub-
tracts from B, or (2) if a change in A produces a
change in B in the opposite direction. ‘
Thus, in Figure 2, a low system availakility causes
pressure to increase reliability, maintainability, or main-
tehance crew (size and skill), and to decrease ldgisﬁics’
time. Reliability can be increased by a number of engin-
eering changes including using more reliable components and
designing redundancy into the'system. Reliability engin-
eering should be performed during the system design phase

but can be accomplished any time during the system life.

Increasing the system reliability will decrease the failure

13
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rate which in turn increases the operating time. An in-
crease in operating time, then, results in ar increase
in system availability.

| Similarly, sound engineering practices can increase
maintainability. Methods for improving maintainability
include designing systems to provide fault cetection and
isolation, and easy accéss for replacément cf failed com-
ponents. Increased méintainability, therefore, reduces
the detection and repair time, which in turn reduces down-
time, thereby increasing system availability.

Low availability usually has its most pronounced

~impact on the maintenance crews. A low availability causes
increased pressure on the maintenance crew's capabilities.

.This increased pressure, then, causes an increase in main-

tenance size and skill .level., As shown in Figure 2, crew

size and skill level are inversely proportional. That is,

the higher the worker's skill level the fewer the number
of workers required, and the larger the crew size the less
skill required.
As maintenance crew size or skill level ircreases

the repair time generally decreases. This happens because
the more skilled maintenance personnel can perform faster
repairs, and the larger crews can perform more simultaneous
repairs. Increased maintenance skills can also result in
increased reliability because maintenance.personnel with

better skills generally induce fewer maintenance related

15
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failures. Therefore, increasing the sizé and skill level
of the maintenance crews decreases repair time and increases
reliability. As before, opérating time will increase and )
downtime will decrease resulting in a higher system avail-
ability.
Logistics time is the time required to retrie?e
spare parts necessary to repair the equipment. if the
parts need to be ordered, downtime increases significantly.
Therefore, a low availability cue to a lack of spére parts
causes the spare parts level to jncfease, thereby reducing
the logistics time and increasing tae system availability.
Administration time is the time it takes to notify
the maintenance persdnnel that a failure has occurred plus
the time it takes for the maintenance supervisor to assign
a repairman to the repair. In general, the administration
time is fairly constant, and consists of the operator of
the failed equipment calling Job Control and Job Control
notifying the work center. In this thesis administration
time is included as a part of the mean time to repair and
is ussumes to take about five minutes or one tenth of an
hour. ' | i
In addition to being too low, availability can be
higher than expected. Usually considered'good, high avail-
ability can indicate waste, such as idle maintenance per-
sonnel and too many spares. When this occurs, excess

maintenance personnel and spare parts can be eliminated,

16




as long as the availability remains higher than the required

availability.
| The causal-loop diagram in Figure 2, then, shows
the relationship of system availability with reliability
and maintanability, -and maintanance crew size and skill
level. The next section describes the function of the
five electronic systems planned for the SAC Command Post
upgrade. |
Function

SAC plans to integrate five state-of-the-art elec-
tronic systems into the upgraded Command Post. Each of
these systems - upgraded voice communications, Improved
Large Wall Screen Display (ILWSD) systems, secure closed
circuit television(CCTV), local area network, and automated
data processing (ADP) support - provide a uniquc function
and all five systems will be integrated to benefit the
Command Post users (Ref 5:35).

Voice Communications Upgrade. The voice cemmunica-

tions upgrade will expand the existing voice communications
capabilities while consolidating these capabilities into one
system. SAC will accomplish this consolidation by installing
a Special Private Line Telephone System (SPLTS). SPLTS
wiil provide the following capabilities: (Ref 5:39-44)
1. Each SPLTS console will contain only one handset;
2. Users can make both secure (Red) and unsecure

(Black) calls from the same instrument.

17




3. Users can piage a Red {(or Black) call on hold
while making (or answering) another call on any
Black (or Red) line.

4., SPLTS will use Dual-Tone Multiple Frequency (DTMF)
touchtone dial pads. h

5. The system provides three Red“conference circuits.

6. SPLTS will interface with the following voice
éommunicationsvlines: (Ref 5:44)

SPEAKEASE securc voice terminals
AUTOSEVOCOM

PARKHILL secure voice terminals
Hotlines

Command Post PBX (including SOCS)
Base Central Office dial lines
Public address (PA)

Intercom

Radio

Line monitors

The SAC Command Post voice communications upgrade
will also include installation of SPEAKEASY (formerly
VINSON) secure voice terminals. SPEAKEASY terminals will
provide high quality, full duplex secure voice communica-
tion over unconditioned narrowband transmission media.
In addition, SPEAKEASY is compatible with the existing
AUTOSEVOCOM system (Ref 5:36-38).

Finally, the voice communications upgrade will in-

clude expanding the nawly'acquired SOCS Diminsion PBX to

-accomodate all external Command Post communications.
External lines include AUTOVON, DDD, Off-Premise extensions,
foreign exchanges, WATS, hotlines, Command Post PBX Sub-

scribers, and a tie-trunk to the Base telephone exchange

(Ref 5).
18
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~ video capabilities required by the SAC Command Post and its

Improved Large Wall Screen Display (ILWSD). The

ILWSD system will consist of image generafion and display
equipment. The image generation equipment will accept data
from one or more host computers and convert the data into
text and graphics images, and send the images as video
signals to the display devices.

The display equipment will consist of eight high
resolution television projectors and approximately 12
high resolution color television monitors. The projectors
will provide displays to the Senior Battle Staff on eight
large wall projection screens. These large screen displays
will be used for briefings, tours, and Sther Command Post
functions requiring a large number of people to view the
same displays. Tﬁe high resolution color television monitors
will provide other users with the same displays as projected
on the large wall screen.

Closed Circuit Television (CCTV). Consisting of

~ briefer stations, television recording'and piayback equip-

ment, television monitors, and 'a distribution network, the

CCTV csystem will provide the live and recorded audio and

support centers. The briefer stations, consisting of tele-
vision cameras and microphones, and the color monitors will
ailow remote briefings and video ccunferencing over the
distribution network. The television recording and playback

equipmenrt will supplement this capabiiity by providing

19
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pre-recorded briefings for tours and training.

Local Area Network (LAN). The LAN proposed for the

SAC Command Post upgrade will have several functions. First,
'the:LAN will connect Command Post ADP equipment to a common
data base for routine tasks such as rosters and checklists,
and could allow interpositional conferencing for Command Post
and:support center useré. Second, the LAN will connect the
Coﬁmand Post énd support center users with external networks
‘such as the WWMCCS Information System (WIS) to providé

QUick access to informatibn. ’Finally, the LAN could connect
the iﬁage generation equipment (of the ILWSD system) to the

host computers.

|
Automated Data Processing (ADP). The ADP upgrade will
consist of two separate activities. The firs% activity

involves upgrading the WWMCCS computer at SACjby adding

memory, upgrading the five CPU's, and replaciég the com-
munication front end. (Datanet 335's) with neijatanet 6678's.

with the

|
necessary response time and computer power to%last until the

This upgrade will provide the SAC Command Pos

WWMCCS replacement system becomes available in the late
19~8'O's(Ref 5).
The second activity involves installing mini- and
. ‘micro-computers in the Command Post. These small computers
will attach to the LAN to provide the following features:

a. Local File Management and Computational Support
b. Remote Data Retrieval and Display

c. Automated Text Message Handling

d. Graphic Display Support

e. Inter-Positional Conferencing

20
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To understand how the five functional systems will
operate as one integrated system it.is neéessary to under-
stand the configuration of the upgraded SAC Command Post.
The following section describes the proposed SAC Command

Post configuration.

. mmmear oL

Configuration

Figure 3 illustrates the proposed SAC Command Post
' equipment configuration. With this propdsed configuration
the ILWSD and Command Post ADP will interface with the
host computer systems through the LAN. The network, then
will allow all terminals to communicate with the host
computer, Command Post mini-computer, ILWSD display compu-
ters, and other Command Post ADP terminals. Also, with this
configuration the CCTIV distribution network interfaces the
live and recorded video signals with the color television
monitors and large screen projectors. Finally Figure 3
illustrates that all telephone handsets will interface with
Red and Black communications circuits via the SPLTS equip-
ment. The following paragraphs provide a detailed descrip~-
tion of the equipment configuration in the upgraded SAC
Command Post.

Voice Communications. The upgraded SAC Command Post

will contain three categories of voice communications equip~
ment, all three categories based on SPLTS implementation.
Category I equipment will provide the Senior Battle Staff

with access to the Base PBX,‘Command Post/SOCCS PBX, Foreign
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Figure 3. Proposed- SAC Command Post Configuration simplified
Block Diagram ‘
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exchanges, internal secure voice, intercom, and PA micro-

, phones. Current plans call for 18 Category I SPLTS console

positions., Figure 4 provides a sample layout for Category I
-SPLTS consoles. |

| Category II‘equipment will provide the Suppért Battle
Staff with the same service as the Category I equipment
plus direct accéss to AUTOVON and SPEAKEASY secure voice.
Currently SAC has not determined the exact number of Category
II consoles needed but based on the current number of Support
Battle Staff positioné and conversation with MiTRE personnel
working on the Command Post upgrade approximately 30 Category
II consoles will be installed (Ref 5 ). Figure 5 coﬁtains-
a sample layout for Category II consoles.

Similarly, Category III SPLTS consdles contain the
capabilities of the other two consoles plus AUTOVON pre-
cedence/preemption, AUTOSEVCCOM, PARKHILL secure voice,
hot lines, and radio. Currently SAC plans to install
five Category III cousoles, one each for the Senior Con-
troller, Warning Systems Controller, and Em=rgency Actions
Team, and two for the Communications Controller. Figure 6
provides a sample layout of the Category III SPLTS coﬁsoles.

| Figuré 7 confains a block diagram of the proposed
upgraded voice communications system. The diagram shows
that eaéh position contains a telephone handset connected
to a SPLTS conmsole. Each SPLTS console, then, connects to

a transfer circuit which separates and isolates the Red and

23
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Figure 7. ﬁpgraded Voice Communications System Block
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Siack circuits. In addition, the Category II and III SPLTS
consoles are connected directly to the SPEAKEASY secure
voice equipment. From the transfer circuits the Red teie-
phone lines are connected to the Red Switch for connection
with internal secure voice circuits and world wide sécure
voice. Sihilafly, the Black telephone lines connect the
transfer circuits to the dedicates Command Post and SOCCS
PBX (Black Switch), the base telephone system, and the

off base telephone systen.

Improved Large Wall Screen Display (ILWSD) System.

The ILWSD System consists of display computers and stofage
devices, image generators, video switches, large screen pro-
jectors, and color television monitors. Figure 8 illustrates
the configuration of the ILWSD system. With the proposed
configuration, the display computer will receive display

data from the host computer either directly or via the LAN.

The display data, then, will be stored on the display

Astorage devices for recall at a later time. When the

display computer receives a request for a display from the . ... .

Display Controller, via the LAN, the display data will be
read from the display storage device and sernt to one of the
image generators. The image generator will then convert the
display data into a display and send it to the video switches
as video signals. Using the switch controls, the Display
Controller will route the video signals to the desired

display device.




R .
- . N 2 _
—~— B N . . y =

N .. - . [ 3 o

' | -
bl AN TU | [opreneror ] PROJECTOR J<
& N[ IMAGE v PROJECTOR P
DISPLAY |4| [V|GENERATOR | o ' :
COMPUTER K- o ~
=1 1 PROJECTOR P
GENERATOR 0 - - -
L 1 G
. s PROJECTOR N e
I -~
T PROJECTOR P
c
IMAGE H ~
, GENERATOR E PROJECTOR P\ .
DISPLAY S P T
COMPUTER [N IMAGE "~ |=fPROJECTOR I
GENERATOR
1L ' PROJECTOR <
LAN IU IMAGE , N
| GENERATOR |
- “SWITCH
| | gg’f‘ssxﬁggr — CONTROLS
cocor | (1] [coLo [ coLor COLOR COLOR L
MONITOR/ | | {MONITO MONITO MONITO MONITO n
ooc occ coo X YY) '
[ COLOR [COLOR] COLOR | cor.oﬁ COLOR
(MONITOR,  |MONITOR | (MONITOR: ||MONITO MONITO S
cece ¢ ! cce cec | cee 3

A
£

Figure 8. Improved Large Wall Screen DlsplaL System
Block Diagram

29




Figure 9 contains a block diagram of the display
computer and stqfage device. Data from the host computer
and requests fof displays from the Display Controller will be
received by the interface board and sent to the memory
board for temporary storage. The CPU anrd, then; decodes
the data to determine if it is a display for storage or a
request for a display. If.the data is a disolay for storage
the CPU board sends tne data to the 100 megabyte disk (the
display storage device) to be stored for future use. If,
however, the data is a request for a display the CPU gets
the proper display from the.disk and sends it to an image
generator via the image genetator interface board. In this
coufiguration two diéplay computers and display storage
devices will be used for greater system reliability.

The image generator will contain seven boards -
one prdCessor board, four refresh (display) memory boards,
and two blinkAand-output.controi boards (see Figure 10). |
The processor board will receive tihe diéplay data directly
from an image generator interface board in the display
computer and store the data in an on-board memory. It will
then process the data and store the resulting display in
two of the four refresh memory boards. The display in the
memory boards is an exact replica of the diéplay to be
provided to the display devices. After thé display is
built in the image generator refresh mewnory boards, the

blink and output control board associated with the memory
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boards containing the display converts the stored image into

‘third carrying one of the primary color video signals.

"input signals will be applied to twenty ZQ by 1 video

video signals and sends the video signals to the video

switches for distribution. In addition to converting the ' —

stored imagevinto video signals, the blink and oufput control

board also controls the blinking of'selected portions of the

display. The video signals sent to the video switch will —

be broken down into the three primary colors, red, green‘

and blue, so that the display projected on the large screens

and provided oa the color monitors will be in full color.
Figure 11 provides a block diagram of the video

switches. In this diagram, only one-third of the switches

is shcown, the other two-thirds being identical and each

The proposed switch will be a 20 by 20 matrix, 12 of the
input signals provided by the image generators and the other .
input signals provided by the CCTV system and the Command

Center Processing and Display System (CCPDS). Each of the

switches. Each of the 20 by 1 video switches is independent ' i

from the other switches, and failure of one switch dces not /

affect any of the other 20 by 1 video swigches.Am6;i§ the
power supplies are commoﬁ to all of the switches, and re-
dundant power supplies are used to increase the system .
reliability. In the proposed configuration,any combination \
of input video signals will bebcapable of being routed to

any output line. Furthermore, the controls for switching
i3 ' T
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Figure 1i. Video Switches Block Diagram
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is independent for each switch. After the video signals
are switched the output video signals will be sent to the
appropriate lérge wall screen projector or color television

monitor.

Closed Circuif Television System. The CCIV system
consists of televisionAcameras, microphones, television
ﬁonitors, and a distribution network. Figure 12 illus-
trates the configuration proposed for a broadband (CATV)
system. In this configuration 12 television cameras and
microphones, one in each support center and four in the
Command Post, feed video and audio signals into an RF mod-
ﬁlator. The RF modulator then puts each channei of infor-
mation on a separate carrier frequency and sends all channels
of information to the CCTV monitors on omne cable. Each
television monitor, then, sélects the desired channel and

demodulates the signal for display.

Local Area Network and Command Post ADP., The local

areaAnetwork (LAN) will consist of.a coaxial cable connecting
interface units. Four types of interface units will be used
with the Command Post LAN, host computer uﬁtérface units (IU),
work station IUs, common user IUs, and gateways to other

local area networks. The host computéf IUs will interface

the WWMCCS computer and possibly the SACDIN and CCPDS com-
puters with the LAN; work station iﬁterface units (WSIUs)

will interface all of the ADP with the LAN; and common user

or computer IUs will interface the display computers and
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the Command Post mini-computers with the LAN. Figure 13
illustrates the proposed configuration of ﬁhe LAN.éhd the
Command Post ADP for the SAC Command Post upgrade.

In this figure it can be seen that the LAN will
connect the host computer, display computers, Command Post
mini-computer, graphics terminals and alphanumeric terminals
to the LAN. 1In this configuration the graphics terminals
are the WWMCCS terminals currently being used in the Command
Post and the Support Centers. The alphanumeric terminals,
on the other hand, represent new equipment and will include
hard copy units. |

The_above sections have described the cones of reso-
lutioﬁ technique used to narrow the problem into a manage-
able size, aﬁd have explained the factors affecting the
availability, function and configuration of the Cormmand
Post equipment. The following chapter will use the infor-
mation discussed above in the formulation of a parametric
model of the Command post equipment. The model, when com-

puterized, will be helpful in determining the number of

maintenance personnel required to maintain the equipment

planned for the SAC Command Post upgrade.
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III. ANALYSIS AND MEASUREMENT

The conceptualization phase of the system science
paradigm, as it applies to the problem addressed in this
thesis, was presented in Chapter II. In that chapter the

cones of resolution technique, a causal-loop diagram, and

0t e R 4% 2w A O

several block diagrams were employed to illustrate‘the
interactions between the SAC Command Post and its environ-
ment, as well as the iﬁteractions and relationships of the
sectors of concern within the‘Command Post environment. The
analysis and measurement phaée‘presented in Chapter III
builds on the conceptual model de&eloped in Chaﬁter II.

| Parameterization of *he coﬁceptual model begins'with
an explaination of why Q-GERT was chosen to be the language
that the model was written in, and continueshby explaining
how a system is modeled uSing Q-GERT. The following section
explains how the operatidn and maintenance of the upgraded
Command Post equipment was described using a schematic dia-

gram. Next, the/Q-GERT symbols used in this thesis are

T et e . B .l et WM § S N S ¢ P LAMEEA 5 6 8 8 o ANEN..

explained. Finally, the iast section explains the Q-GERT
network that forms the parametric model developed in this

chapter.

Language
The Q-GERT language was chosen for this simulation be-

cause of its simplicity of use and its adaplability to model-

ing waiting line situations. Q-GERT is a language developed

39

bl B R R LY L LR R R o R R e R IR I I N A N




by A. Alan B. Pritsker as "... a network modeling vehicle

and a computer analysis tool."(Ref 16:vii)  GERT, an

~acronym for Graphic Evaluation and Review Technique, allows

the analyst to model projects that can be analyzed using
PERT and CPM technidues. In addition, the Q‘in Q-GERT
indicates the capability of the language to model queueiﬁg
systems (Ref 16:vii).

When modeling with Q-GERT, the analyst must clgafly
and unambiguously describe the system being modeled., One
particularly helpful tool in describing a system is sche-
matic or pictorial diagrams. With a schematic diagram
the analyst usually represents transacticns or entities
within the:system as symbols and represents activities
associated with the transactions as arcs or lines connect-
ing the symbois. Figure 14 is a schematic diagram of the
system being modeled in this thesis.

Next, the analyst must draw a Q-GERT representation -
of the system being modeled. The Q-GERT diagram consists
of nodes, which can represent starting points, queues,
decision points, and so forthj and'arcs;”which~represent
acti?ities. Figure 15 contains examples of the types of
riodes and activities used in this thesis. For a complete
list of Q-GERT nodes and activities see Pritsker (Ref 16).

After representing the system in a Q-GERT diagram,
the analyst must convert the diagram into Q-GERT and FORTRAN
code. Conversion of the diagram into computer code is part

of the computerization phase of -the system science paradigm
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and ﬁhus will be discussed in Chapter IV. The following LT
sections are devoted to describing, in detail, the sche-

/l' matic.diagram and the Q-GERT diagrams of the system'being
modeled for this thesis.

Schematic Diagrams

As stated earlier, Figure 14 is a schematic diagram of
the maintenance of the equipment planned for the SAC Command
Post upgrade. The clear circles at the left of the figure
represent the.equipment as they operate satisfactorily.
Equipment failure, represented by the arcs labeled "failure",
occdrs when an equipment no longer operates satisfactorily.
When an equipment failure occurs, the equipment-operatér calls
Job Contrbl who in turn notifies the responsible shift supe--
visor. The’shift supervisor, then; assigns technicians <o
repair the broken equipment (represented by the squares) or
places the equipment in a queue calied awaiting maintenance
(AWM) (represented by the circled Xs) based on the following
conditions:

1. If the required number of qualified technicianms

are idle; the technicians will be assigned the
repair task.

2. If the required number of qualified techniciané

are busy repairing spare line replaceable units
(LRUs), repair of the spare LRUs will be intef-
rupted and the technicians assigned to repair the

broken equipment.
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3. If all ﬁuélified technicians are busy repairing
broken equipment, the new failure will be placed
in AWM status (the broken equipment queue) until
qualified technicians become available. If more
than one equipment piece is AWM, available technicians
will be assigned based on a predetermined priority
scheme.

» When maintenance technicians are assigned to a job,
they troubleshoot the equipment to determine which LRU
caused the equipment failure. After determining which
LRU is defective, the technicians get a spare LRU from
supply and replace the defective unit. The equipment is
then returned to operaiion and the broken LRU is placed
in AWM status until a technician is available to work
on it. If, however, there is no spare LRU in supply, for
example,if the spare LRU is also broken, the technician
will remove the defective LRU from the equipment, repair
it in the shop, and replace it in the equipment.

Once a defective LRU is placed in AWM status,it remains

in the broken spares queue until a qualified technician
is idle and no equipment is in the broken queue. At that
time a technician is assigned to repair a broken LRU. The
priority for assigning repairhen to broken LRUs is also
based on a predetérmined priority scheme.

After a maintenance technician is assigned to repair

a broken LRU three things can happen: the LRU can be

repaired, parts can be ordered to repair the LRU, or repair
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can be interrupted. If the LRU is repaired,lit is placed
in supply and the technicians are freed to work on other
defective LRUs. However, if spare parts to repair the

LRU are not on hand, the LRU is placed in awaiting parts
(AWP) status and ﬁhe patts are ordered. After the spare
parts arrive the LRU ié placed in AWM status until a tech-
nician is available to repair it. 'Finaily, if an equipment
fails repair of the LRU is interrupted, the LRU is returned
to AWM status, and the technicians are assigned to repair
the broken equipment.

The above paragraphs describe the typical operation,
failure, and repair of electronic equipment. However,
the’description itself raises a number of questions that -
must be addressed before the system can be modeled. The
particular questions raised in the above paragraphs are
as follows:

1. What criteria is uséd to determihe if a repair-

man is qualified to repair a particular equipment?

2, How is repair time affectéd if an unqualified

technician assists a qualified technician on a
repair action?

3. How ﬁany technicians are required to repair a

particular equipment and why is that number required?

4. What mix of qualified and unqualified technicians

will be used on a particular repair action and

why is that mix used?
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What is the MTBF for each équipment, what is the
reliability distribution for each equiphént, and
how were the MTBF and reliability distribution
determined?

What is the MTITR for each equipment and LRU, Qhat
probébility distribution does the repair time
follow, and how were these MITRs and probability
distribution determined?

What is the priority scheme for repairing equip-
ment and LRUs in AWM status and how was it deter-
mined? |

What is the probability that the parts are not
available to repair an LRU and how long does it
take to get the required part once ordered?

What happens when there is no spare LRU and the
pafts needed to repair an equipment failure are

not on hand?

The following paragraphs address these issues.

In the model developed for this thesis,all maintenance

personnel are considered to be either 3-level or 5-1e§e1

technicians. A 3-level technician is an apprentice and

thus requires supervision on all maintenance activities.

The S5-level technician,'on the other hand, is fully qual-

ified to repair all equipment assinged to his shop. Since

3-level technicians must be supervised, they are usually
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While helping‘the 5-level repairmen, the 3-levels recieve
training to help them become fully qualified 5-level tech-
nicians.

Aécording to SMSGT Nokes,‘Superinteﬁdent of DTVE Main-
tenance at SAC Headquartérs, when a 3-level assists a 3-
level technician repair times increase by a factor of one
and a half to two. This increase in :epair time is pri-
marily due to'the.training being provided during the repair
. activity. Sgt. Nokes also points out that if an equipment
failure results in a éystém failure thr training is elim-
inated and the equipment is restored tb operation as quickly
as.possible.(Rgf 14) | ‘}

I
-------

The number of technicians assigned to a particular
maintenance activity depends on three factors: the phys-

ical size and weight of thé LRUs, safeﬁy requirements, and
|

w .
security requirements. With the propozed eqripment con-

to remove and re- Yo
: : . : | . i'
place disk drives, television monitors, and ILWSD pcojectors; o

figuration,two technicians are require

all other LRUs are small enough and light enough to be
lifted by one technician. Safetv regulations require two
technicians to work oﬁ equipment when exposed to voltages
hazardous to human life. Two LRUs fall into this category,
television monitors and ILWSD projectors. Finally, SAC
requires that two qualified persons be present when main-

tenance is performed on certain sensitive equipmeat. Cur-

rently, none of the equipment modeled for this thesis falls
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into the sensitive category. However, since‘sdme of the
equipment, for example the ADP terminals, could be recat-
egorized, this model is capable of incorporating a simple
change to reflect the new requirement. Therefore, the
model developed for this thesis assumes two techunicians
are required to renair disk drives, television monitors
and ILWSD projectors, while all other equipment requires
only one technician.

Current manning documents authorize approximately
one third of the computer maintenance technicians to be
3-levels. However,actual‘assignment data indicafes that
the current and projected level is closer to one half.
Therefore, the model developed for this thesis assumes that
between one third and one half of each maintenénce crew
will be 3-level technicians. Furthermore, if two tech-
nicians are assigned to a repair action one of the repair-
men is assumed to be a S5-level and fhe‘other a 3-level.

As prescribed in MIL-HDBK-217D,this thesis models
the reliability of the electronic eqdipment using the
exponential distribution. The MTBF for each equipment
was computed using predicted values obtained from the min=-
utés of a critical design design rei:en, vendor adver-
tisements,peroidical articles, and cunversations Qith
MITRE Corporation (Washington D.C.) pe;sonnél. The MTBFS
used in this thesis are contained in Table 1 and a detailed
description of how these MTBFs were derived is contained

in Chapter V.

/,
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TABLE 1 A
\
. 1
MTBF Estimates for the Upgraded SAC Command Post ;:;ﬁ
i MTBF (h
Equipment | OELopéqufgn)
ADP Work Station | 3,300
Display Computer , ' 2,400 h
Command Post Computer | 2,800
Disk Drive , 1 10,000 . .
Video Switch Power Supply 40,000 "
Image Generator 3,000
Television Monitor String : . 6,350 .
'ILWSD Projector String 4,700 o
Television Camera ‘ 40,000 - tf::
Microphone - 40,000 st
RF Modulator | | 20,000 ot
Television Monitor 10,000 /
. . , L4
Category I Console String 25,000 )
~ JRg
Category II Console String 20,000
Category III Console String 15,000
—
?/l
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Kapur and Lamberson, as well as others; suggest that
repair times frequently follow the Lognormai‘distribution.
Since actual repair time data is not available, and will
not be available for several years, the model in this thesis ' ' 3
assumes lognorwr1lly distributed -repair times. In addition, |
the model assumes that the MTTR for all equipment is .5 hours
and the MTTR all IPUs is 8 hours. Justification for using
these MTTRs is prcvided in Chapter V. | ' ‘ ' '&
Usually the operations and maintence ofganizatiéns
determine a priority for repair of equipment failures.
This priority is usually based on tﬁe impact of an equipment
~failure on the system availability. Simiiarly,maintence
organizations frequently determine the priority of LRU
repair based on the impact of not having a spare LRU or
on the expected time to repair an LRU. However, since
it is early in the acquisition of the upgraded Command
Post equipment repair priorities have not heen established.
Furthermore, Elsayed has shown that.repair p.iorities based
on shorter repair times are not as good repair priorities
based on the first-in-first-out (FIFO) method when cost is .
used as the criteria (Ref 3). Thus the model developed for
this thesis uses a FIFO priority scheme for all repair queues. o
When an LRU is repaired, there is a possibility that '
the parts required to complete the repair are not on hand.
When this occurs, the maintenancé personnel order the parts

and place the broken unit in AWP status. Since the bit
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part sparing level has not been determined,i£ is not possible
to determine the percentage of LRUs that must Ee placed in
AWP status. The model developed for this thesis,therefore,
éssumes that 90 percent of the time the spare parts-will ve
on hand. |

As with the case of LRUs, parts may not be on hand
to repair broken equipmént. When this occurs parts are
ordered with a high priority. If the required parts are
at the base supply warehouse, they will be delivered in a
relatively short time, otherwise the parts will be back-.
ordered. The model used for this thesis assumes that the

required parts are always on hand at base supply. o .-

'Q-GERT Symbols

Before the system described above can be represented
by a Q-GERT network, it is necessary to understand the : M,%
systems and terminclogy used in Q-GERT. Q-GERT diagrams
are networks that consist of activities, servers, and queues;
As stated earlier, Figure 15 contains the symbolsa for:the.

nodes and activities used in the model prepared for this N\

thesis. .

The first node in Figure 15 is a regular node. Reg-
ular nodes do not have a special function other than to
receive and route transactions. Receipt of a transaction _ b
is called an arrival, and routing of a transaction is called
a release. In Figure 15, the symbol for a regular node

contains the characters F,S, and #. F stands for the
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REGULAR NODE
M[# ' SOURCE NODE
—_@ R &—-— Q-NODE
- , ® o
X
e obES] #lmme  ALLOCATE NODE
U |
A m
— b FREE NODE
|
| ALL N]
& |alple| > ATTRIBUTE ASSIGNMENT
1D<: . DETERMINISTIC BRANCHING
{
@
{ PROBABILISTIC BRANCHING
; (Pz '
I~ (€)
D(c<: CONDITIONAL TAKE FIRST BRANCHING
| T~ ‘
(cy)
| K CONDITIONAL TAKE ALL BRANCHING
2
(D,PS) - ACTIVITY
—f —— — —- w— BALKING
Figure 15. Nodes and Activities used in Q-GERT.
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number of arrivals required to release thé node for the
first time; S stands for the number of arrivals required to
release the node for all subsequent times; and # represents
the node number.

The second node represented in Figufe 15 is the
source npde. The distinguishing difference between the
regular node and the source node.is the pointer wme),
which symbolizes that source nodes can generate as well as
receive and route transactions. As with regular nodes,F
represents the number of arrivals required for thé first
release, S represents the number of arrivals required for
all subsequent releases, and # represents the node number.
Thé M in the source node symbolizes that source nodes mark

each transaction with its time of generation (mark time).

Regular nodes can also mark time if desired. Once a trans-

action is marked,the mark time remains with the transaction
until another node marks it or until the transaction departs
the system:

The third node is a Q-node. The Q-node can be distin-
guished from all other nodes by the hash mark (\) on the
right side of”the node, which makes the node look somewhat
like the Iéﬁter Q. Q-nodes are nodes at which transactions
wait for service activities. As long as at lease one éerver
is idle,each transaction arriving at the Q-node passes
through the node and is routed through a service activity.

When all servers associated with the service activity

52




eminating from the Q-nodé are busy, the arriving trans-
actions are placed in a queue where they wait for a server
to become idle. Transactions are ranked in the queue ' v o
based on a predetermined ordering scheme. In the model
developed for this thesis all queues use a first-in-first-
out (FIFO) ranking scheme. The Q-node in Figure 13 contains
the characters: I, which represents the initial number
of transactions in the queue; M, which represents the
maximum number of ﬁransactith'allowéd in the queue; R,
which represents the ranking procedure for ordering the
transactions in the queue; énd #, vhich represents the node
number. The symbols {F] and (:) are, respectively, the
“activity number and the number of parallel servers asso- 3
ciated with a service. |
The fourth node in Figure 15 is an allocate node. i"
Allocate nodes must be preceeded by a Q-node. The allocate
node is used to allocate resources to a transaction. As ‘)\
long as resources afe available,the allocate node will B
take the next transaction iﬁ the preceeding Q-node, assign i
a resource to the transaction, and place the transaction j.
ir the following node. When resources are not available, *'\
however, the allocate node blocks the output of the pre- |
ceeding Q-node and transactions are queued until another
resource becomes available. On the symbol for the allocate
node, QSR stands for the Q-node selection rule (used only if

more than one Q-node preceeds the allocate node); RES stands
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for the resource number; U represents the number of re-
sources to be allocated to each transaction; and # rep-
resents the node number.. Allocate nodes are connected to
the preceeding and following nodes with dashed lines (---»)
which signify the allocation of resources and rouﬁing of .
transactions without an associated activity.

The fifth symbol in Figure 15 represents a free node.
Free nodes are uéed to release resources when they are no
longer needed. The characters RES, U, #,vand ALLN, respec-
tively,.stand for the resource number, the number of resources
freed, the node number, and the allocate nodes associated
with the freed resources.

The next symbol in Figure 15 represents attribute
assignment. Attributes are characteristics associated
with transactions, and the values assigned to attributes
give a transaction an identily. According to ﬁritsker
attributes are used for the following thrée reasons: (Ref 16)

1. The specification of the time requlred for an

activity to process the transaction;

2. The ranking of transactions in queues; and
3. The routing of transactions (branchlng)

Attrlbutes can be ass1gned to transactions by regular nodes,
source nodes, and Q-nodes. In the symbol illustrating
attribute assignment, A represents the attribute number

(up to eight attributes can be assigned to each transaction);
D represents the probability distribution from which the
value of the attribute is derived; and P represents the

parameter specification for the probability distribution.
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The next four symbols in Figure 15 illustrate the four

types of branching used in Q-GERT. The first branching type,

deterministic, routes a transaction along all activities
eminating from the node; a maximum of 50 activities can em-
inate from each node. The second type of braﬁching illus-
trated is probabilistic branching. With probabilistic
branching, only one activity is selected each time thé node
releases; P1 and.P2 represent the probabilities that the
associated activity will be selected. With conditional take
first branching, the third type of branching, Q-GERT_sequen-
tially tests conditions for selectipg an activity and

routes the transaction on the first activity to satisfy

the condition. Conditional take all branching, on the other

hand, routes a transaction on all activities that meet the
condition. C, and C, represent the conditions that must be
met to route a transaction on ‘he activities 

The last three symbols in Figure 15 are arcs. The
first arc (the solid line) repr«sents an activity. Each

activity can have an associated probability distribution (D)

and parameter statement (PS). The probability distributions

used used in this theses are exponential, lognormal, and
uhiform; the parameter statements arz defined in Chapter

IV. Also associated with activities are p:obabilities (Pl)'
conditions (Cl)’ activity numbers ([#]), and number of
servers (C:j) (used only with service activities).

The broken line (-:=-.-P) represents balking. Balking
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occurs when & transaction arrives at-a Q-node that already
contains the maximum allowable number of transactions. If
balking is not‘specified the transaction is lost to che
system. .wae\er, if balking is specified the transaction
is routed fo another node as indicated by the broken line.
Balking is not an activity, and as such time cannci be
associated with balking.

Finally, the dashed line (----») in Figure 15 repre-
sents routing associated with an allocate node. As stated
earlier, the dashed lines are not éctivities and cannot have
times associated with them. The dashed lines are used by
Q-GERT to indicate that the allocate node allccates a
resource toithe transaction as the transaction is routed
from the preceeding Q-node to the following node.

Q-GERT Network

In the Air Force, technicians are assigned to repair
electronic equipment based on their Air Force Specialty
(AFS). Three AFSs are required to maintain the types of
equipment modeled in this thesis: telephone maintenence
technicians, television.maintenance technicians, and computer
maintenance technicians. Telephone maintenance technicians
repair the type of equipmenﬁ plénned for the upgraded voice
communications system; television maintenence technicians
maintain the type of equipmert plahned for the CCTV system;
and computer maintenance technicians maintain the type of

equipment planned for the ADP, LAN, and ILWSD systems. To
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simplify modeling and programming, the maintenance of the

equipment planned for the SAC Command Post upgrade was
modeled using three nearly identical models, based on the
AFSs of the technicians who maintain the equipment. This
section deséribes the Q-GERT network used to model the
maintenance of the ADP,LAN;and ILWSD systems by computef
maintenance technicians. |

Figure 16 (Sheets 1-4) contains a diagram of the
Q-GERT network used to model the maintenance of the ADP,
LAN, and ILWSD systems; On sheet 1, source node 1 generates
44 entities which represent the equipment maintained by the
computér maintenance technicians. Entities 1 through 10
represent ADP work stations, 11 and 12 represent display
senerator computers, 13 represeﬁts a Command Post computer,
14 through 16 represen. disk drives, 17 and 18 represent |
video switch power supplies, 19 through 24 represent image
generators, 25 through 36 represent ﬁelevision monitor
strings, and 37 through 44 represent ILWSD projector strings.

The first 43-entities released by node 1 are routed back

7 to néde 1 to generate the next entity. All éhﬁitiés teléasédWﬁ
by node 1 are routed to node 2.

Node 2 is a Q- node with capacity 0. Therefore each
entity arriving at node 2 1is placed directly into service
with one of the 44 servers associated with theractivity
| eminating from node 2. while the entities pass through

it, Q-node 2 assigns values to attributes 2 through 8.
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Attribute 2 of each entity is the MIBF for the equipment iﬁ
represents; attribute 3 is the MTTR the equipment by remov-
ing and replacing the defictive LRU, including the admin-
istrative time; attribute 4 is the MTTR the defective LRU;
attribute 5 is the number of technicians required to repair
the equipment; attributes 6 and 7 arelthe number of 5- and
3-levél'technicians, respectively, assigned to the repair;
and attribute.8 records the time that the equipment is
placed into operation. The values assigned to attributes 2,
3,4,5,and8 are determined by user functions (UFs) 1,2,3,4,
and 6, respectively (User functions are user written FORTRAN
functions used to perform tasks not easily performed by
Q-GERT). _Activity 1, which eminates from Q-node 2, has 44

servers which represent the equipment operating satisfac-

torily, and the time of each service activity is determined

- by the value assigned to attribute 2, the MTBF.

" The arrival of an entity at node 11 represents an
equipment failure. Upon the arrival of an entity, node 11
records the time, simulating the notification of Job Con-
trol and the maintenance shift supervisor of an equipment
faiﬂpre. After recording the equipment failure time node
11 sterm;nes if enough qualified technicians are available
to repair the equipment. If enough qualified technicians
are not available, user function 13 will interrupt the
repair of a spafe LRU, if an LRU is being repaired, to free

the technicians.” User function 13 will'not, however,
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interrupt ﬁhe repair of equipment failure. Regardless of
whether the technicians are busy or available, node 11
routes the entity to .Q-node 5.

Node 5 is the broken equipment queue. Entities arriv-
ing at node 5 represent broken equipment waiting for tech-

nicians to be allocated to the repair. If at lease one unit

" of resource 1 is available node 6 allocates one unit to the

entity, simulating the assignment of one 5-level technician
to the repair task, and routes the entity to node 13. As
the entity is routed to node 13 the value of attribute 6
is set to 1 to indicate that one 5-level technician is
allocated to the repair of this equipment.

User function 14, called by node 13, checks tc see
if a 3-level technician should be assigned to the repair
task. If a 3-level technician is idle or if the task
requires two technicians the entity is routed to node 3,
otherwise the entity is routed to node 7. If the entity is
vouted to node 3, the value of attribute 7 is set td 1 and
node 4 allocates 6ne unit of resource 2 to the transaction,
simulating the assignment of a 3-level technician to the
repair activity. Node 4 also routes the entity from node 3
to node 7.

When an entity arrives at node 7, either from node
13 or node 3, through node 4, node 7 releases routing the
entity to node 20, on sheet 2. Node 20 uses conditional

take first branching to identify the which LRU
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caused>the équipmen£ failure, simulating the troubleshooting
of the equipmént. Two of the equiément failures are not
caused by LRU failures, computer chassis failure, and video
switch po&er supply failure. When these failures occur node
20 routes the entity to node 10, on page 1, which simulates
the repair of an equipment without the replacement of an
LRU. On the other hand, if the equipment failure is caused
by an LRU failure, node 20 routes the entity on the activity
associated with the_LRU; Arrival of the entity at one of

the Q-nodes, nodes 27 through 45, represents the technician

going to supply to get a spare LRU. If a resource is avail-

able the associated allocate node (nodes 46 through 64) one
unit of the resource is allocated and the entity is sent to.
node 65, simulating the retrieval of of one spare LRU from
supply. However, if there are no free units of the required
resource, simulating that no spare LRU is at supply, the
entity balks to node 10 on page one where repair of the
equipment withour replacement is simulated.

When an entity arrives at node 10, either :from node. 20

or by balking from one of the Q-nodes, user function 11 com-

putes the time to repair the equipment and user function 9
records the time that the repair starts. Node 10 also
routes the entity to nodes 8 and 12 with the duration of
the activity determined by the value of attribute 3, sim-
ulating the time required to repair the equipment. The

arrival of an entity at node 12 causes user function 12 to
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record the time that the equipment was repaired and results _

in node 12 routing fhe entity to node 2, which simulates the
equipment returning to service. When the entity arrives at . ;/,
node 8 it is routed by conditional take all branching to |
nodes 17, 18, and 19 to free the appropriate number of
resources 1 and 2, the technicians. . | - A /
I1f, howeyer,.thé equipment is repaired by removing and - : ;T
replacing the defective LRU, the entity is routed to node 65 |
instead of node 10. Node 65 routes fhe entity to node 66

with a service time of the value associated with attribute 3.

The activity routing the entity from node 65 to nbde 66 rep-
resents the time required to remove and replace the defective
LRU. Arrival of“the entity at node 66 simulates completion
- of the equipment repair.
When the enti;y.arrives at node 66 user function 9 l
records the time that the LRU was removed from the equipment
and node 66 routes the entity along three activities. The

first activity goes to node 12 which records the time that

the equipment was repaired and returns the equipment to
operation. The second activity goes to node 8 which, as
described previously, frees the appropriate ﬁumber of _ : e
resources 1 and 2. The third activity goes to node 67
which representé placing the defective LRU in the broken
spares queue.

Two things can happen when an entity arrives at node

67. If a unit of resource 1 is available it will be
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allocated and the entity routed to node 37, simulating the
allocation of a 5-level technician to'fepair an LRU. How- -
ever, if no units are available the entity is placed in the o : \
queue until a unit of resource 1 is freed, simulating the
placement of the LRU in AWM ststus. If a unit of resource
2 is available when the entity is_rduted'to-node.37, node 56
will allocate one unit of resource 2 and route the entity
to node 95; otherwise the entity will balk to node 95. In
either case when the entity arrives at node 95 it is routed
to node 14 with a service time determined by attribute 4,
simulating the repair of an LRU.
As stated earlier in this chapter, three things
can happen during the repair of an LRU:
1. The LRU is repaired, ‘
‘2. Parts are not on hand and the LRU must be placed.
in AWP status, or
3. Repair is interrupted to service an equipment
failure.
Completion of the LRU repair 90 percent of the time
—-——jig gsimulated by the probabilistic branching-from node 14. [ —
With a probability of .9 repair will be completed and the
entity will be routed to node 96. Node 95, in turn, route; ‘
the activity to node 8 to free resources 1 and 2, and to
node 69, on sheet 4 which frees the resource that repteseﬁts
the LRU, simulating thg return‘of the LRU to supply.

Ordering a part and placing the LRU in AWP status
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is reflected in the .1 probabilistic branch from node 14 to
node 15. In thisvéase,node 15 routes the entity to node 8
Eo release the technicians, resources 1 and 2, and %o node
67, the broken spare queue, with a delay of 24 to 336 hours,
simulating the placement of the LRU in AWP ststus.

As stated earlier, user function 13 interrupts the
repair of an LRU if the technicians are needed to iepair an
equipment failure. To model the interruption, uéef function
13 stops activity 5, eminating from node 95, and routes the
entity to node 9 without delay. When the entity arrives

‘node 9 routes it to node 8 to fréé the technicians, and to
node 67 to place the entity back in the broken spares'queﬁe.

This chapter has described the analysis and measurement
‘phase'of the system science paradigm by developing and
presenting a parametric model of the system. The ar .l

- measuret.ent approach is presented in Chapter V, thé vali-
dation and vetificatidn chapter. Chapter IV continues the
precentation of the system science paradigm as it applies to
the problem addressed in this thesis by presenting the

computerizarion of the model.




IV COMPUTERIZATION

The computerization phase of the system science para-
digm involves translating the parametric model into a compu-

ter recognizable code. In this chapter, the computerization

L = LA

of the parametric model developed in Chapter III is described
in four sections. The first section provides a description .

of the code used in the user written FORTRAN functions and

D lelibe o

subroutines. The second section lists and explains the -
various Q-GERT statements used in the model and explains
the relationship between the statements and the symbols

described in the prevoius chapter. Section three provides

b 2 TR YN TP { S

a description of the Q-GERT code used in this thesis.

Finally, the fourth section explains how the Q-GERT program

s 1imd b s

works with the user functions and subroutines to process

.
ta®a

transactions.

FORTRAN Functions and Subroutines

The Q-GERT executive program (exec) makes calls to»
user written FORTRAN subroutines and functions under four
different conditions. Uéer subroutine UI is called before
each run of the Q-GERT analysis program to allow the modeler

to initialize user defined variables and to set up initial

iR DDA M LA % el AL,

conditions. User function UF and user subroutine US are
called by the Q-GERT program to perform tasks not easily
performed by Q~GERT. Finally, user subroutine UO is called

at the end of each analysis run to perform special computations
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and to output ststistics not provided in the Q-GERT summary
reports (Ref'16:235;254). The following subsections de-
scribe the user written functions and subroutineé used with
this thesis. The FORTRAN code for the subroutines and
functions can be found in appendix A and the definition of
terms and varizbles in Table II.

User Function UI. Q-GERT calls user function UI at

‘the beginning of each analysis run. In the model written

for this thesis UI is used to initialize the values of AVAIL
and ATRB8. AVAIL is an 800 by 7 array used to record (1)
the name or number associated with eachvequipment,(Z) the
time the equipment started or returned to operation, (3)
the time the equipment failed,(4) the name or number asso-
ciated with the failed LRU,(5) the time the LRU was removed
trom the equipment, (6) the time the LRU was repaired, and’
(7) the time the equipment was returned to operation. UI
sets the values of AVAIL(I,1) to O and all other values of
AVAIL to 20000. ATRB8 is used to count the number of fail-
ures and is initialized to the value O.

MN?Thé'Qéiueé of'paréﬁéﬁéfé used for sampling'frbh'r
the-lognormal distribution differ from the parameters speci=-
fied in the Q-GERT program. The values specified in the
program are the mean and standard deviation of the lognormal
distribution, but Q-GERT needs to know the mean and standard
deviation of the parent normal distribution in order to

generate data from the lognormal distribution. Q-GERT
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Table II

Definition of variables used in UI, UF, and UO.

Variable Name

Definition

ATRB8

AVAIL1-AVAIL7

- AVAIL(I,J)

DAY1
DAY2

DAY3

DAY4

DAYS
EQAV(I)
EQUIP

EX(I)

A real variable used to count the
number of failures.

Real variables used in sorting the |
array AVAIL(I,J) according to failure
times stored in AVAIL(I,3). :

An 800 by 7 array used to resord the
history of the equipment operation
and maintenance.

A real variable corresponding to the |
day that an equipment starts operation,

A real variable corresponding to the
time that an equipment fails.

A real variable'corresponding to the
day that an LRU is removed from the
equipment. .

A real variable corresponding to the
day that an LRI is repaired. -

A real variable corresponding to the
day that an equipment returns to
operation.

A real variable corresponding to the
equipment availability, and used in
printing the equipment history.

A character variable set to the name -
of an equipment when printing the

~equipment history.

A Q-GERT function that returns a
sample from the exponential distri-
bution with parameters specified by I.|
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Table II (continued)

Variable Name

Definition

FR. MINA,A____.._,.,__ ————— 4

GATRB(I)

CPLO(I)

ICSRA(I)
ISTUS(NODE,ACT)

LO(I)

MIN1
MIN2
MIN3

MINS

NDAY1
NDAY2
NDAY3
NDAY4

‘A Q-GERT function that returns the

. value of attribute I associated with
the current transaction.
A Q-GERT subroutine that converts the
‘parameters specified fir the lognormal
distribution into the parameters for
parent normal distribution.
A Q-GERT function that returns the
number ‘of units of resource I avail-
able. :
A Q-GERT function which returns the
status of activity ACT eminating
from node NODE.
A Q-GERT function which returns a
sample from the lognormal distribution
with parent normal parameters speci=-
fied by parameter set I.
The integer value of XMIN1.
The integer value of XMIN2.
The integer value of XMIN3.

—The integer value of XMIN4, -~
The integer value of XMINS.
The integer value of DAY1
The integer value of DAY2
The integer value of DAY3

The integer value of DAY4
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Table II (continued)

Variable Name

Definition

NDAYS -
NTIM1
NTIM2
NTIM3
NTIM4
NTIMS
LRU

NUM1

NUM4
- NUM8

PROB

STAGO( A,D,0,AT)

.The integer value of DAYS.

The integer value of TIMI.
The intager value of TIM2.
The integer value of TIM3.
The integer value of TIM4.
The intege# value of TIMS.
A characte; variable set to the name

of an LRU ¥hen pronting the equip-
ment histo

The 1nteger value of AVAIL(I,1), used

in computing equipment avallablllty
and determlnlng the equipment name
when prlnt%ng the equipment history.

The 1ntege§ value of AVAIL(I,4),used
when printing the name of the LRU in
the equ1pmént history.

The 1nteger value of ATRBS or attri-
bute 8, used as an index for array
AVAIL(NUMS I).

A real variable with a value deter-
mined by a sample from the uniform
distribution (1,100) used to assign
an LRU to an equipment failure

A Q-GERT subroutine which stops ser=-
vice activity A and routes the trans-
action to node N with delay D. 0 and
AT are dummy variables.
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Table II (continued)

Variable Name

Defirition

TIM1

TIM2

TIM3

TIM4

TIMS

TNOW

UF(IFN)
UN(I)

Y IIN1

XMIN2

XMIN3

XMIN4

MINS

A real variable corresponding to the
hour that an equipment starts
ocera*tion.

A real variable corresponding to the
hour that an equipment fails.

A real variable corresponding to the
hour that an LRU is removed from the
equipment.

A real variable corresponding to the
time that an LRU is repaired.

A real variable corresponaing to the
time that an equipment returns to
service.

The current time.
User function IFN.

A sample from the uniform distri-
bution defined by parameter set I.

A real variable corresponding to the
minute that an equipment starts
operation.

A real variable corresponding to the
minute that an equipment failed.

A real variable corresponding to the
minute that an LRU is removed from
the equipment.

A real variable corresponding to the
minute that an LRU is repaired.

A real variable corresponding to the

-minute that an equipment is returned

t¢ operation.

73

|




o T e I I s

automatically modifies these parameters when the sample is
taken by the Q-GERT program, but when a user function is
used to take the sample the parameters must be modified
by the modeler. The call to CPLO(N) statement in the
subroutine UI performs that modification, Figuré 17 con-
tains a flow diagram.of user subroutine UI.

User Functions UF(JFN). The user function UF(IFN) is

called by Q-GERT whenever the function type UF is prescribed_
in an attribute assignment. Q-GIRT can call UF from beth
activities and nodes, but in the model used for this thesis
calls are made only from nodes. In the céll statement the
value of IFN determines which user function is actually per-
formed when UF'is called. This is accomplished with the

computed GO TO statement
Go 10 (1,2,3,4,5,6,7,8,9,10,11,12,13,14),IFN,

The follcwing paragraphs describe the user functioans in UF.
Figure 18 contains a flow diagram of UF(i). Based on
the value of attribute 1, UF(1) assigns « value from an |
exponential distribution to actribute 2 of the tranmsaction
passing through node 2 when UF(1) is called. The mean of :.
the exponential distribﬁtion is the MTBF for the correspond-
ing equipment. In a similar manner, UF(2) assigns values
to attribute 3 taken from the lognormal distribution with a
mean corresponding to the MITR of the associated equipmeht-

(see Figure 13).
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User function UF(3) determines which LRU caused_an
equipment failure by taking a sample from a uniform (1,100)
distribution and comparing the sample with the cumulative
probability that é particular LRU caused the failure. The
calcﬁlations for determining those cumulative probabilities
are contained in Chapter V. Figure 20 contains the flow

- diagram for UF(3).

User Function UF(4) is used to compute the number of
repairmen required to repair an equipment'failure‘by checking
the value of attribute 3. If the value of attribute 3 is 17

or 20 the defective LRU is a televisioh‘monitor or an ILWSD
projector and two mairtenance technicians are required.
Otherwise only one technician is requires. Figure'ZI
contains a flow diagram of user function UF(4).

To compute the time required to repair an equipment
failure, user function UF(5) multiplies the usual repair
time, attribute 3, by a sample from a uniform (1.5,2)
distribution. A flow diagram for user function UF(5) is
contained in Figure 22.

User function UF(6) is used to record the time an
equipment starts or returns to operation , and counts the

ndﬁber ofvequipment failures. To record the time that an
eqﬁipment returns to operation, user function UF(6) incre-
ents ATRB8 and converts ATRBS to integer form to use as

an index in AVAIL(NUM8,I). Then UF(6) records the eguipment

number in AVAIL(NUMS8,1) and the'stgrt time in AVAIL(NUMS,2).
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UF = 2

Figure 21. User Function UF(4) Flow Diagram.

ENTER

—

UF=AT3

#UN(18)

RETURN

i
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Figure 22. User Function UF(5) Flow Diagram.
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Finaily, attribute 8 is set to the value in ATRB8 for later
use in identifying the transaction. Figure 23 contains
-che flow diagram for user function UF(6). User function
UF(?) is unnecessary and has been deleted from the program.
To prevent a FORTRAN éompile error the call statement
remains in the code, but the function contains only a
return statement.

‘User funétion UF(8) records the time of the equipment
failure. To record the'equipment failure time UF(8) sets
NUM8 equal to the integer value of attribute 8 to index
array AVAIL(I,J). Next UF(8) stores the current time, TNOW,
in AVAIL(NUM8,3). Last, it returns the value of attribute 8
to satisfy a FORTRAN function requirement. A flow diagram
of user function UF(8) is contained in Figure 24.

To record how long a spare LRU remains broken,user
function UF(9) records the time a defective LRU is removed
from the equipmént and user function UF(10) records the time
the LRU.repair is completed. UF(9) works like UF(6), re-
cording the LRU type in'AVAIL(NUMS,&) and the removal time
in AVAIL(NUM8,5); while UF(10) works iike UF(8) recording
the repaired time in AVAIL(NUM8,6). Figure 25 and 26,
respectively, show flow diagrams of user functions UF(9)
and UF(10).

User function UF(11) assigns the equipmeht repair
time to equipment if the>defective LRU is not available

for replacement. To accomplish this UF(11) checks tb see
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( ENTER )

—

INUM8=INT]

(ATRBS8)

INCRMNT
ATRBS

\ 4

RECORD
EQUIP#

p

UF =
ATRBS

RECORD

TNOW

L

(RETURN)

Figure 23. User Function UF(6) Flow Diagram.

NUM8 =
T(ATS

RECORD

TNOW

UF = ATS

Figure 24.
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( ENTER)

—1

RECORD
LRU TY’H

NUM8 =
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RECORD
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—

UF=ATS8

—

<RETURN)

Figure 25.

User Function UF(9) Flow Diagram.

NUM8 =
INT(A

[ RECORD

Lrvow |

UF=AT8

(RETURN)

Figure 26.
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if attribute 1 equals 10 or 12. If so, attribute 3 is set
to the value of a sample taken from the lognormal distribu-
_ tion with a mean of 8 and a standard deviation of 4. Other-
wise attribute 3 remains unchanged. Figure 27 contains a
flow diagram of user function UF(11).

User functibn UF(12) records the tihe that the equip;
ment returned to operation after a failuré. UF(12) records'v
the time in the same manner as UF(8) and UF(10). Figure 28
illustrates the flpw diagram for user function UF(12).

User function UF(13) preempﬁs repair of an LRU if
the technicians are required to repair an equipment failure.
User function UF(13) accomplishes the interrupt by checking
to see if the numbér of technicians required for the repair
are available. If there are not enough free technicians;
UF(13) checks to see if any techniciahs are busy repairing
broken LRﬁs.. I{ the technicians are repairing LRUs, UF(13)
calls STAGO, a Q-GERT subrputing, tb'interrupt the LRU

repair and free the technicians. A flow diagram of user

function UF(13) is contained in Figure 2?3mnw

To determine if a 3-level éhould be assigned to help
with the repair user function UF(14) makes two checks.
First, UF(14) uses Q-GERT function ICSRA(2) to determine
if any 3-level technicians are available to help. Second,
UF(14) checks to seé if one or two technicians are required
for the job. If the job requires only ohe technician and

there are no available 3-levels,attribute 5 is set to 0 and
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Figure 27. User Function UF(1i) Flow Diagram.

NUM8 =1 . .
INT(AT8)

~

RECORD

UF=ATS8

Figure 28. User Function UF(12) Flow Diagram.
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JINTERRUPT
LRU REP .

J\'

Figure 29. User Function UF(13) Flow Diagram.

ENTER

Figure 30. User Function UF(14) Flow Diagram.
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no 3-level is assigned. Otherwise attribute 5 remains
unchanged and a 3- level is assigned to assist a 5-level
technician on the repair. Figure contains a flow diagram

of usef function UF(14).

User Subroutine UO. Q-GERT calls user subroutine UQ
at the ena of each simulation run. At that time user sub-
routine UO perforﬁs saveral tasks. First, UG initializes
array EQAV(I) to O so that it can be used to help calculate
and store the ecnuipment availabilities. Next, UC sorts
the entries in array AVAIL{I,J) based on the failuré times
reccrded in AVAIL(I,3). Then, UO prints a heading Zor the
equipment history, it computes the equipment avaiiacility,
it assigns names td the equipment numbers and LRU numbers,
and prints the equipment history and availabiiitiesz.

. Figure 31 provides a flow diagram of the user subroutine
U0 and the FORTRAN cnde for UO as well aé UI and UF is
contained in appendix‘A. '

Q-GERT Statements

Table III contains a list cf all of the Q-GERT state-
ments used in the model written for this thesis. Also
included in the table is a brief explaination of the var-
ious fields associated with each statament. A more de-
tailed explaination of the Q-GERT input statements is con-
tained in the following paragraphs. _

The first input statement in any Q-GERT program is the

general (GEN) card. The GEN card is used to define the
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general project information. Information conftained on the

-GEN card includes: the analyst's name, the project name,

the date, the number of statistics ncdes and sink nodes

(not used in this thesis), number of sink node releases to

end the simulation (not used in this thesis), the time to

end one run of the network, the number of runs of the
network, the number of output reports in addition to the
summary report, the time from which étatistics are kept,
and the maximum number >f attributes that can be assigned
to any transaction. Additional fields can have values
assigﬁed, but are not used in this thesis; For additional
information see Pritsker (Ref 16).

The fields'associatéd with the regular (REG) and source
(SOU) nodes are the same. Field 1 defines the node type, REG
or SOU. The second field contains the node number and an
optional node label separated by a slash(/). Fields three
and four specify the number of arrivals needed to release
the node for the first time and all subsequent times, re-
spectively. Tﬁe fifth‘field specifies the type of branching
deterministic (IDj”prObabilistic (P), conditional take first—
(F), or conditional take all (A). Field six is used to
spe;ify marking, marking is the default value for souice
nodes but not for the regular nodes. The last field speci-
fies the choice criterion for holding attributes (not used
in this thesis).

Q-node irput cards use ten fields. The first field
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identifies the card as defining a Q-node (QUE). Field two

identifies ﬁhe node_number and node label of the node de~-

fined by the card. Fields three and four identify the

RN

P A A

initial number of transactions in the queue and the capacity

e

of the queue. Branching criterion is defined by field five

and ranking of transactions in the queue by field six. Field

A

Eg seven describes the balking or balking associated with the
A node. Fields eight and nine describé the limits of any

§ histogram to be drawn and is not used in this thesis. Field
,§ ten identifies any allocate nodes that follow the Q-node.

The value assignment (VAS) card is used to assign

Yyl

attributes to the transactions that pass through the node

A\
I‘J‘.‘

associated with the VAS card. Field one identifies the

card as a VAS card. The second field identifies the asso-

Y

s
e,

ciated with the VAS card. Field three identifies the att-
ribute number and field four the distribution or function

type. The fifth field identifies the parameter set defining

3 ROX

-
»

P/ i DV 4

the parameters of the distribution identified in field four.

- o
«Va
s

The remaining fields of the VAS card are repeats of figlds

'
.l

3, 4, and 5.

1\3

22

To define the parameters of a distribution a PAR card

.‘.
R
-3 is used. The first field of the card identifies it as a
:1.‘ . .
: ;f! PAR card and the second field identifies which parameter
SN .
;Z set it defines. The third, fourth, fifth, and sixth fields
'~
;I defines the parameters of the associated distribution. Since
fg the various distributions use different parameter definitions
4 92
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lfielas three through six define different parameters for
the different distributions. Table IV defines the use of
fields three thrcugh six to define the distributions used
in this thesis. Finally, field seven prescribes the random
number stream to be used in generating samples.from-the
distribution whose parameters are defines by the PAR card.

Activities are described by an ACT card. The activity
card is defined by the ACT in field one. The second and
third fields identify the starting and ending nodes of the
activity, respectively. Field four describes the distri-
bution type and field five the number of the parameter set
for the distribution. The sixth field provides the activity
number and label separated by a slash (/) and the seventh
field the number of parallel servers. Field eight is used
to describe the probability of choosing the activity or the
attribute in which the probability is stored if the starting
node has probabilistic branching, or the order of testing
if the starting nbde has conditional take first branching.
The last Zield used is field nine which provides the condi-
: tion code for choosing the branch if the starting nose
specifies conditional’branching.

The resource node is identified by the RES in field
one. Field two contains the resource number associated Qith
the resource being modeled and a label for the resource,
while field three specifies the number of resource units

available when the simulation starts. The fourth through
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~the thirteenth fields are used to specify the resource

N
allocate nodes to be polled when the resources are freed.
Allocate nodes are used to allocate the resources
defir.ed by the resource card. Field one defines the allocate
card.by the letters ALL. The second field on an all:cate
-card contains the node number of the allocate node. Field
three contains the rule used to select the Q-node which
holds the transaction that the resource will be allocated
to. Field four is the resource number and field five the
‘number of resources needed by the waiting'transactions.
"""" The sixth through sixteenth fields list the preceéding Q-
nodes in which the transactions are waiting and the nodes
to which the transactions will be routed after the resour-
ces are allocated.
The free nodes free resources from transactions when
the resources are no longer needed. The first field of a |
free card identifies it as a free (FRE) card and the second |
HLS field assigns the node number. Field four identifies the |
%E resource nuber of the resource to be freed and field five ‘
!; identifies the number of units of the resource .o be freed.
E: ’Finally, fields six through fifteen identify the allocate
ié nodes to be polled when the resources are freed.
- -Ei The last node in a Q-GERT network must be either a
/iEi begin or a finish card. Since begin cards are not used in
— EE this thesis only the finish card is described. The finish
?‘ card contains only one field with the letters FIN.
%§ 94
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Table IV

Code options for Q-GERT Specifications

Functica and
Distribution Types

' %*
Parameter Values

UN.

Code Key 1 2 3 4
EX Exponential B a b -
IN Incremental - - - -
LO Lognormal i} a b o
UF User Function - - - -

Uniform - a b -

* - => not used; p-> mean; o =
standard deviation; a - minimum -
or optimistic time; b - maximum
or pessimistic time.

Q-GERT Code

ments used in this chesis.

The previous section defined the Q-GERT input state-

In this section the combination

of statements that form the model developed for this thesis

is explained.

In addition to explaining the combination

of Q-GERT input statements the reason for using that par-

ticular arrangement of statements is explained. The Q-GERT

code for this thesis can be found in appendix A.

The first card in the Q-GERT code is the general (GEN)

card. The word "DISPLAY" in the third -field identifies this
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.............

QK;~W"£§{ Q-GERT program as a model of the ADP, LAN, and ILWSD sys-
’\\‘ %Ei ' tems. The zeros in fields seven, eight, and nine state
\?ﬁé that there are no sink or statistics noges in this model

iﬁg and that the mcdel is not terminated on the release of a

po sink node. Field 10 indicates that the network is to.run

for 20000 time units (wours in this model) and field 11
indicates that only one run of the network will be acconp-

lished each time the Q-GERT program is run. The 12th

field calls for an output report to be printed after the

s
A
s

-
8
RN B e )

LA 4

first run as well as for a summary report, and the 13th

field indicates that the statistics will be kept from the

i
ANTAH

sttt

time the network starts. Finally, the last field states

that all eight attributes will be used in this simulation

B

. '} ..V?!
e

!

’ network.
' gs; The next 20 input cards identify the resources used
;ﬁs in this network. The maintenance crew size can be adjusted |
bry by changing the value of field three on the resource 1 or
aﬁ resource 2 card. Similarly the spares level can be adjusted
- Ei by changing the value of field 3 on any of the remaining

resource cards.

B

I"'l ‘ /
»

The following card, the SOU card,identifies node 1

o . . .
o as a source node that releases the first time with no
£ |
107 arrivals, and releases each subsequent time an arrival
.
X occurs. The VAS card associated with node 1 indicates
(XS
) ."‘\. 1 . I3
N that every time the node releases the value of attribute
s'-‘:
it 1 is incremented. Conditional take all branching is
H " '.\'

o
oia

N &"‘\'
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indicated for node 1 by the "A" in the last field of the
SOU card. |

The next two cards are activity cards. The first
of these activity cards routes a transaction from node 1
back to itself whenever the value of attribute 1 is less

than 44, This causes exactly 44 transactions to be gener-

“ated. The second activity routes the transaction from node

1 to node 2. _

que 2 is defined by the QUE card following t. e ACT card.
This cafd indicated that the Q-node in labeled "operate"
in the summary report, it has pro transactibns queuedyup
at thelétart of the analysis run, and has a capéci;ygof
zero. In addition, the last two fields indicate tha&
the node uses FIFO queueing and has deterministic ou%put.

\

As defined by the next card, values are assigned to feven

attributes at node 2. The values assigned to attribLtes
2, 3, 4,.5, and 8 are detefmined by user fuﬁctions 1} 2,
3, 4, and 6, and the value zero is assigned to attributés
6 and 7. The parameters defining the values assigneh'by
the user functions are contéined in the PAR cards immed-
iately following the VAS card.

The ACT card that routes transactions from node 2
to node 11 simulates the equipment in operation. The
duration of oparation‘for each equipment is identified by

the value of attribute 2, the activity is labeled "OPER-TIME",

and the 44 servers represent the eduipment in operation.
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The next card identifies node 11 as a regular (REG)
node which releases a transaction every time a transaction
arrives. The VAS cérd associated with.node 11 calls user
functions UF 8 and UF 14, and the ACT card that follows
routes the transaction from node 11 to node 5. Node 5 is
defined by a QUE card which assigns the label "GET-5LVL"
to the node in the output report. Node 5 is assigned an
initial value of zero tranéactions at netwdrk start,

has a capacity of 10 transactions, uses FIFO ordering

of transactions within the queue, and routes the transaction

through node 6, the following allocate node. The VAS card
associated with node 5 assigns the value 1.0 to attribute
6 as the transactions are routed through fhe node.

The ALL card defines allocate node 6. Since only
one Q-node preceeds ALL node 6, the Q;node selecfion rule
chosen is priofity based on the order listed in the last

field on the card (POR). Fields four and five identify

this node as allocating one unit of resource 1 to each

transaction that passes through the node, and field six

- indicates that the transaction-is_routed from node 5 to .

node 11.

Immediatély following the ALL card is a REGlcérd that
defines node 13. Fields three and four of.node 13 indicate
that it releases every time an entity arrives. The VAS
card assiciated with node 11 is used to call user function
UF(13) which places a value in attribute 5 that determines

which activity the transaction will be routed down by the
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2n initial quantity of transactions equal to zero and is

conditional take first Branching defined by the "F" in the
last field on the dard. The first of the two ACT cards
defines the condition for the transaction to take the ac-
tivity to node 3 (attribute S‘greater than zero), while the
second aCT card defines the condition for routing the activ-
it} to node 7 (attribute 5 equal zero).

The next card in the program is.a QUE cardlwhich has
capable of holding a maximum of one transaction in the quéue.
This card identifies Q-node 3 and labels it “"GET-3LVL."

The VAS card associated with Q-node 3 assigns the value 1
to attribute 7 as the transaction is routed through‘the node.

The last field on the QUE card identifies node 4 as the fol-

lowing allocate node. The ALL card assigns one unit of '
resource 2 to each transaction that it routes from node
3 to node 7. Node 7 is definéd by the REG card as a regular
node that releases every time it gets an arrival. The ACT
card that follows routes the transaction from node 7 to node
20.

Node 20 is also defined by a REG card. It also re-

leases once for every arrival it gets. However, node 20

- has conditional take first branching, as defined by the "F"

in the last field of the card. Eighteen activities eminate
from node 20, as illustrated by the 18 ACT cards that follow
the REG card. Each activity card haé a condition for taking

the activity and the condition corresponds to the value in
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attribute 4 of the trancaction passing through the node.

Each of the 18 activities terminates at a Q-node. The
Q-nodes are used to store transactions that must await re-
sources and each Q-node is followed by an allocate nade;
The allocate nodes are specified by ALL cards that folleow
immediately after the associated QUE cards. Each allocate
card allocates one unit of the appropriate resource to each
transaction that is routed through the node. All 18 allocate
cards route the transactions that pass through them to ncde
65.

Node 65 is defined by a QUE card., 1t initially has
no transactions queued and has a maximum capacity of 10
transactions. FRanking within the queue is FIFO and branching
frcm the node is de.ernimistic. The ACT card that follows
defines the activity from ncde 65 to node 66. The time it
takes to get from node 65 to node 66 is defined by attribute
3.

A REG card defines node (6 which releases a tranﬁ-
action every time one arrives.b The VAS card asscociated
with node 66 calls user Function UF(9). The three act-
ivities eminating from node 66 are defined by the next
three ACT cards. The first of the cards routes the trans-
actions to node 12, the second routes transacticﬁs to node
8 and the third rdutes transactions to node 67.

Node 67, defined by a QUE card, has an no transactions

initially in the queue and has a capacity of 10 transactions.
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The VAS card associated with node 67 assigns the value 1.0
to attribute 6 and the .alue 0.0 te attribute 7. The last
field of the QUE card indicates that node 67 routes all
traﬁsac;ions through locate node 97. The allocate node is
defined by the ALL card to allocate one unit of resource 1

to each transaction that it routes form node 67 to node 37.

'Node 37 is a Q-node which the QUE card defines to have

no capacity in the 4ueue.' All transactions that arrive at
node 37 when the following allocate node has no available
' resourées balks to node $5, as indicated by the 95 in field
seven of the QUE card. The allocate nodg associated with
node 37 is node 56, Node 56 allocates one unit of resource
2 to each transaction that it routes from node 37 to node 95.
Node 95 is defined by a QUE card to have no initial

transactions in the queue and to have a capacity of 10. The

"
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Q VAS card associated with node 95 assigns a value from the
"
) .g; lognormal distribution to attribute 3 of the current trans-
‘\' . ’
e action. The activity from node 95 to node 14 is defined

v 4,
XA

e
L]

by the next ACT card. Fields four and five of the ACT card

. s

3 '..-.

indicate that the duration of the activity is determined by
the value of attribute 3 which was assigned in node 95.
The sixth and seventh fields label the activity as "BENCH-
CK" and indicate that there are 10 parallel servers.

The REG card that follows identifies node 14 which
releases a transaction every time it Has an arrival. The

last field on the cars indicates that probabilistic branching
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j& is used in node 14. The next two cards are ACT cards that
. ". '

tg  define the probabilistic branching from node 14.. The first

activity has a 90 percent probability of being chosen and
routes transactions to node 96. The second activity has a

10 percent chance of being chosen and routes transactions to

e e e ateen

" RN
. St

» [N S .

a; node '15. |

%5 Node 15 is defined by a REG card, it has deterministic
- .

éi branching. The first branch from node 1> routes transactions
'{: to node & and the second routes transactions to node 67

ﬁs with a duration defined by the uniform distribution with

parameter set 20. Node 96 is also defined by a REG card
and also has deterministic branching. Two activities also
eminate from node 96. The first activity is routed to node
8 and the second to node.69. Both activities have a duration
of zero. |

Node 69 is a regular node with conditional take first
branching. ' The VAS card associated with node 69 calls
user function 10, The twenty activities eminaﬁing {rom
node 69 are defined by the next 20 ACT cards. Each ACT

card defines the condition that must be met by attribute 4

T T A R

to be selected. The activities route transactions to free

node 76 through 94. Nodes 76 through 94 are defined by FRE

gj cards and free one unit of the associated resource each
ﬁ; time a transaction arrives. The last field of each FRE
, Eﬂ card lists the allocate nodes that the resourcer will poll
o after being freed.
;J
~
N
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The next node discussed is node 9, defined by a REG

card. Transactions are routed to node 9 by a Q-GERT user
function that interrupts service activity number 5. When
a transaction arcrives at node 9, transactioﬁs are routed on
two activities. The first activity routes a traﬁsaction
to node 67 and the second activity routes a transaction to
node 8. Arrival of an activity at node 8 causes the node
to route transactions on one or more of the three activ-
ities eminating from the node. The branching used is con-
ditional take all. The activities eminating from node 8
compare the value of attribute 6 or 7, depending on the
activity, to specified values. If the values are the same
the activity is selected. The activities route the transac-
tions to free nodes 17,18 and 19 where the appropriate
number of units of resources 1 and 2 are freed to the cor-
respondihg allocate nodes.

Routing of activities to node 10 was Jiscussed earlier
in this section. For each transaction that arrives at node

10 the node releases. The VAS card associated with node 10

m”é;ils user functions UF(11)'aﬁd'ﬁF(§5:WWThé activities emin-

ating from .ode 10 routes transactions to node 12 with a

duration determined by the value of attribute 3 and to node
8 with the same duration. Node 12 is defined by a REG card
and the VAS card associated with node 12 calls user function
UF(12). The‘activity eminating from node 12 routes transac-

tions back to node 2 at the beginning of the network.
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Q-GERT Program

Figure 31 contains a diagram.of the Q-GERT network
with the Q-GERT code inserted near the corresponding nodés
and activities. With Figure 31 it becomes easier to
visualize and relate the Q-GERT network with the correspond-
ing code in the program. This section discussed the rela-
tionship between the Q-GERT code and the-user functions
using figure 31 to help‘explain the reasons for using the
FORTRAN functions. |

As transactions are generated in source node 1 the
value of'attribute 1/is incremented for two reasons.

First, attribute 1 i% used as a comparison value for the
conditional branchiné that generates more transactions.
Second, each tranéacéion, or entity, generated by node 1
- represents an equipm%nt and the number in attribute 1 iden-
’ |

tifies the particu#ar equipment the transaction represents.
|

Q-node‘Z assigns values to the other seven attributes

assaciated with the ;rahsactions generated in this program.

Pl A A

The value assigned to attribute 2 is determined by user

v v e -
-. «

function UF(1) and represents the MTBF for the equipment
; repﬁesented by the entity. User function UF(2) generates
é the MITR the equipment which is stored in attribute 2 and
? user function UF(3) generates the value for the MTTR for
i' LRUs assigned to attribute 4. The value of attribute 5
i is calculated in user function UF(4) and is determined by

.
3

the value in attribute 1. Attributes 6 and 7 are constants

assigned by the VAS card, and attribute 8 is determined by
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Figure 31 (Sheet 1).

Upgraded SAC Command Post.

105

Q~-GERT Diagram of Malntenance on the
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Q-GERT Diagram (Continued).
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Q-GERT Diagram (Continued).
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5 is set to zero.

assigned by the VAS card, and attribute 8 is determined by

user funétion UF(6). UF(6) assigns a value to attribute

8 that corresponds to the order-that the equipment either
initially started operation or returned to operation and

is used to order the data to be printed in the equipment

history. UF(6) also records the equipment start time.

The next node, node 11 uses two u?er functions. The
first user function, UF(8) records the timevthat ﬁhe equip~
ment failed, and the second user function, UF(13), interrﬁpts
the service of any LRUs, if necessary, to free fepairmén to
fix broken equipment. Q-node 5 used a constant distribution
to assign the value 1.0 to il transactions passing through
it. User function 14 is called from node 13 to determine
if a 3-level should be assigned to the repair activity. If
a 3-level should be assigned, attribute 5 is not changed by |
UF(14), but if a 3-level should not be assigned, attribute
If the transaction is routed through
node 3, attribute.7 is set to 1 to indicate that a 3-level
is assigned to the task.

" User functions are not called from the nodes listed on
sheet 2 of the Q-GERT diagrams, but several user fun-
ctions are called from the nodes drawn on sheet 3. Node 66
calls user functidn UF(9) to record the time that the LRU
was removed from the equipment. In addition UF(9) records
the number associated with the failed LRU. Nodes 67 and 37

use constant distributions to assign values corresponding to
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the number of 3- level and 5- level technicians assigned to

‘the repair.

Node 69 on sheet 4 calls user function UF(10) to re-
cord the time that the repair of the LRU is completed. Back
on sheet 1 three more user fundtions are called. Node 10
calls user functions UF(11) and UF(9). UF(11) is used to
compute the time it takes to repair  an equipment if the
spare LRU is also broken, and UF(9) records the time that
the repair of the equipment is started. The only user
function luft is UF(12) which is called by node 12. UF(12)
is used to record the time that a system is returned to
operation.

This chapter has éxplained the computerization of
thebparametric model developed in Chapter III. The next
chapter will provide a validation and verification of the

parametric and the computer models.
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V  VALIDATION AND VERIFICATION

Fishman and Kiviat (Ref o ) divide the.evaluation_of}
simulation projects into three categories: verification,
validation, and problem analysis, Verification involves
testing to insure that the model behaves the way the modeler
intends; wvalidation invoives testing to see that the modelA
is in agreement with the real system; and problem analysis-
involves drawing statistically significant inferences from
the data generated by the simuliation. This chapter exahines;
the first twc categories and Chapter VI presents the third
category.

Validation '

As stated in the previous paragraph, validation is
testing to assure that the model is in agreement with the
real system, Sinee thevsystem being modeled for this theéi$
does not yet exist, testing for agreement between the model
and the system is impossible. However, many tests can be
performed ﬁo assure that the model does in fact provide
information that would be consistant with the real system_'
if it existed. For example, the availability data generated

by this model could be compared with analytical availability

- data computed from the reliability and maintainability esti-

mates used for this thesis or a history of the equipment
operation and ifailures could be printed to determine if the

model produced a realistic scenario of operation, failure,
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and repair of the equlpment. The following subsections

address the various methods used in this thesis to validate

the model.

Availability. In Chapter II three questions were

raised about the definition of reliability, which in turn
affects the equipment availability. The quesﬁions concerned
the determination of the operaﬁing environment, the deter-
mination of adequate performance and the probabilistic no-
tion of equipment failure. The following paragraphs address
these issues., _

All of the equipﬁent planned for the SAC Command Post
upgrade is designed to operate in an air conditioned environ-
ment with controlled humidity. The environment at SAC Head-
quarters where the equipment will be operating meets these
environmental criteria. Therefore, the predicted equipment

reliabilities are appropriate for use in this thesis.

System performance is usually defined by operations

personnel and is wusually defined in three levels:
satisfactory operation, impaired operation, and not opera-

tianal. The determining factor on the adequate performance

of the systém is the amount of information that the s§§£éarm‘wdm
can provide to the users at any point in time. For sim-
plicity, this thesis assumes two lovels of operational
availability, operational and not operational. The systems
in this thesis are assumed to be operational if data can

be provided to the users through half of the input and output
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devices associated with the system, Therefore the ILWSD

system is considered operational as long as one of the disk
drivés, one of the display computers, three of the image
generators, one of the video switch power supplies and four
of the pfojectors are 6perational. The television monitors
in the ILWSD system are convenience devices and for this
thesis are not cdnsidered nedéssary for system operation.

Similarly, the ADP system is considered operational as

long as the command post computer and at least five ADP
work stations are operational, and the CCTV system is o
considered operational as long as the RF modulator, six
briefer stations, and ten television monitors are operating
satisfactorily. The upgraded voice commuﬁications, on the
other hand, consists of 54 individual'units,'and failure of
half of any category of equipment woﬁld be considered a
system failure for this thesis.

The probabilistic notion of equipment failure deals
"with the probability distribution and mean ﬁime between
failure of the equipment being modeled. The exponential
distribution was chosen to model the equipment reliability
for several reasons. First, the exponential distribution
has been shown toiclosely resemble the actual reliability of
electronic equipment. In facf, the resemblence is sc clase
that MIL-HBBK-217B)| prescribes the use of the exponential
distriﬁution when modeling the reliability of electronic

equipment. Another reason for using the exponential
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distribution is that ‘the reliability data gathered for this
thesis estimated'eduipment reliability using the exponential
distribution. "The final reason for using the exponential
distribution is the memoryless property, which simplifies
the FORTRAN prbgramming and equipment reliability calcula-
tions. | '

The mean time between failures for the equipment was

based on data ckttained from several sources. The MTBFs for

the display computer, command post computer, image generator,
and video swiﬁches were obtained from the minutes of a criti-
cal design review for the Digital Television Element Backup,
a system similar to the ILW3D system (Ref 13). Similarly,
the MTBFs for the television monitor, disk drives, power
supplies, and printers were obtained from articles and ad-
vertisements in trade magazines, and from vendor brochures.
Finally, the MTBFs for the remaining equipment were estimated
using information provided in telephone conversations with
persdnnel working for MITRE Corporation (Washington D.C.)
(Ref 20).

Table V contains a list of the reliability figures
used to calculate the equipment reliabilities used in this
thesis, and the source for the reliability figures. To
calculate the equipment reliability the faollowing

formulas are used:

R(t) = e~ (t/8) | (4)
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and |
R, (t)++ R (¢) = exp[-(t/0,)]++exp[-(t/0 )]
= exp[-t(1/8,+ «++ + 1/6 )] (5)

Setting 1/6 equal to Aproduces the following equation:

Rl(t)"°Rn(t) = exp['t(31 SRR Rn)] N (6)

In equations 4, 5, and 6, O represents the MTBF t
represents t.'tme and A represents the failure rate. The
equipment MTBFs were calculated using equation 6 and the
failure rates ptovided'in.Table V. The failure rates
for the upgraded voice communications system were omitted
from the table because reliability estimates fqr the equip-
meht could not be obtained, therefore conservative estimates
were made.

The system availability for the ILW:) system can

be calculated using the following formula: (Ref 9)

= [1-(1-A, ][1 (1-4,)21(1- (1-A4 )? ] . (7)
tz (O)ana-a,® "Jtz (5-ag) °7)

Where Ajis the availability of the display computer, A2 is
the availability of the disk drive, . Aq is the availability
of the video switch power supply, Aais the availability of
an image generator, and A5 is the availability of a pro-
jector. Similar formulas can be used to obtain the pre-
dicted availabilities for the other systems. Using the

formulas, the following availabilities were predicted:
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ILWSD system, .99999965; ADP system, .9997982; CCTV system,
.9997; and upgraded voice communications, ..99989975. These
availabilities were prédicted using the estimated mean time
between failures and a mgan'time to repair of .5 hours.

Since the system availability predictions are so high
it is very possible that a system failure would not oécur
during a reasonable length simulation run. Thérefore, one
measure of the reasonableness of the model could be the
number of times a system failure occurs. Another measure-
ment could be to compare the equipment availabilities gene-
rated by the simulation program with the availabilities
predicted using analytical techniques.

History Report. Another approach to validating the

computer model of the SAC Command Post upgrade equipment is
to print a history of equipment failures and examine it to
see if it reasonably approximates reality. Several things
could be‘examined in the history, for instance, if the MTBF
were cut in half it is reasonable to expect the number of

failuresvto double if nothing else is changed. - Similarly,

if the MTTR LRU, is doubled it is reasonable to expect the
average number of spares available to drop.

Conclusions on Validity. The model developed for this

thesis does adequately represent the systems described in

Chapter II. In 24 runs of the simulation program, a failure

of the ILWSD system occurred only once and the availabilities

of the equipment closely corresponded to the availabilities
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Eﬁi computed analytically under the same conditions. Furthermore
§§ the printed history of equipment operation,failure and re-
D pair bore a strong resemblence to equipment operation,fail-
jgﬂ ure and repair of real equipment. A sample history is

éﬁ included in appendix C.

o Verification

S o

E} ‘ As stated earlier in this chapter, verification is

- |

ig insuring that the model performs the way the modeler intends.
o~ A number of tests were accomplished it verify the model

> .

iz developed for this thesis.  During the development of the

:':\' : ‘

v Q-GERT code, traces were printed out after each run of the

’
o

.

neﬁwork. A trace is an option available in Q-GERT which

-7

ig allows the modeler to observe a printed record of the arri-
z2 vals of transactions at nodes and the release of transactions
i: » from nodes. With a nodal trace the modeler can actually

35 follow the simulation run through the network to see that it
K perférms as intended. '

i: To verify the FORTRAN’code, each subroutine and func-.
zi? tion was developed séparately and tested before and after it
LA

was included in the Q-GERTFprogram. After ﬁhe FORTRAN code

"l

was installed in the Q-GERT program, calls were made to see

i :l ST ey
e

that the functions operated as expected with the other code

I f\' .t ‘v

and to see that if calls to more than one user function were

RV

made from the same node that the calls were in the proper

o s e *
AL AN

order.

>
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Experimental Design

As stated in Chapter I the purpose of this thesis is

F

¢d to develop, test and validate a model which can be used to

~ . s . . .

~ Jetermine the number and skill level mix of Air Force main-
N : _

- tenance personnel required to maintain the equipment systems

proposed for the upgraded SAC Command Post. Other objectives

-;v‘.'-' .‘m A"

v
L )

include testing the sensitivity of the maintenance crew size

to variances in MTBF, MITR, system size, and system avail-

ability; and test the sensitivity of system availability to

ot
o

variances in MTBF, MTTR, system size, spares level, and crew

PRV
LA

size. To accomplish these a 25 factorial experiment was set

0

N up.

N 5 . . .

o A 27 factorial design consists of five factors of in-
.\'

) terest each factor set at two levels. The factors consid-

gy

ered for this experiment are: crew size and skill level

l. l'l

\v

mix, spares level, mean time between failure, mean time to

- e repair the system and mean time to repair the LRUs. To de-

termine what levels to run for each factor two approaches

VAR

wera taken. For the crew size and skill level mix, and the

spares level test runs of were made on the network with the

g resources level for both factors set to 10. The results of
é these runs indicated that the'required level of maintenance
{ personnel is either two or three, and the required level of
2 _ spares is either one or two. Since one third to one half of
‘ each mainténance crew would be 3-level technicians it was

; decided to run the experiment with one 5-level and one 3-

:

E 119
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gﬁ level technician as the low level, and two 5-level and one
ii | 3-level technicians as the high level for the méintenance
$E crew faétor. From the test runs it was also determined that
?? the low level for spares should be one and the high level
should be two. |
;. The levels for the other factors were determined in
;; ' aﬁother manner. - The MTBFs for the various equipment were
ii ' determined from the sources listed in Table V and these
33' MIBFs were used as the high levels for the experiment.' To -
sg ' select a value for the low level the MTBFs were divided by
a two. ‘Similarly the equipment MTITRs weré derived from the
Eg data provided in Table V. From this data it was decided to.
;S use the value .5 hours for the high level and the value 2.0

for the low level. Data was not available to help determine

. -
‘-.‘ -
-

R

the MTTR LRUs, therefore estimates of repair time were made

v

[N .l, .‘.

of how long it would take to repair LRUs with and without

Ao

automated test equipment. These estimates are 4 hours with
automated test equipment and 16 hours without it. Therefore
4 hours was chosen to be the high level and 16 hours was

chosen to be the low level. As can be seen by examining the

T
»

2 PRI - ¥

. ¥y

FLa
2%,

choices for the high and low levels, the values chosen for

high levels are those levels that would tend to produce a

R
)

higher availibility and those chosen for the low level would

tend to produce a lower availability.

To provide a reasonable estimate of the error associated

120
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with the observations, multiple runs of the network were made.

In this case three runs wére made for each factor level where
observations were taken. Making three observations per factor
level allows one degree of freedom to be used in estimating
the value of the coutrasté associated with each main effect
and the interactions, and two degrees of freedom‘per cell to
estimate error. | |

Finally, the duration of the simulation was determined.
To determine the run time for the simulation program, the model
was run at four times, 5000, 10000, 20000, aﬁd 40000 hours.
At 5000 haurs over one third of the equipment modeled did not
experience failure, and at 10000 hours nearly 20 percent of
the equipment did not experience failures. However, at 20000
and 40000 hours over 95 precent of the equipment failed, in-
dicating that 20000 hours was a sufficient duration for the
simulation. |

Variance Reduction. Variance reduction techniques are

used to reduce the total number of runs of the simulation
network in order to get meaningful results. For this thesis,
common random number streams were used for variance reductions.
When using common random number streams the modeler
selects one stream and a seed for the stream and used the same
number stream for all corresponding runs of the network. If
multiple observations are taken per cell, the modeler selects

a different number stream for those runs. In this
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experiment six random number streams were used on each run.
One random number stream was used for the MIBFs, another for
the MTITR equipment, another for the MTTR LRUs, and three
random number streams for selectiﬁg samples from the uniform

distribution. Each of these random number streams used the

default seed and the streams were changed to obtain different

observations for the same factor levels. None of the random
streams chosen was the default stream, thereby further re-
ducing the variance.

Replication Minimization. With a full factorial 2S

experiment with three observations per cell 96,runs of the
network would be required to gather the data necessary to
determine which factors are significant. Furthermore, if
the model had to be run for three different systems the
number of runs would jump to 288 and the number of observa-
tions would be staggering; Therefore, preliminary analysis
was performed to determine how to reducé the number of runs
of the network and still obtain valid results.

The first analysis performed to minimize the number
of replications required to obtain valid results involved
examining the three systems being modeled. 1In all three
systems a minimum of two repairmen were required to main-
tain each .system. If no more than two repéirmen were
required to maintain the most complex and largest of these
systems, then no more than two repairmen would be required

to maintain the smaller, less complex systems. Furthermore
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if oniy one spare LRU is required to maintain the system

with the lowest MTBF, then the other systems would also

~require only one spare LRU to support the same amount of

equipment wi;h a higher MTBF. One system, thg ILWSD and .
ADP system has both a lower MTBF and a larger more complex
system. Therefore, the ILWSD.ahd ADP systems modei_was run
to aetermine if any of the factors could be eliminated from
the model of the other two models. |

Even if all of the factors were found to be insignif=-
icant, and no runs were required for the two simpler models,
the full Zsfactorial experimeni would require 96 simulation
runs and would produce an extremely large a%ount of data

|
for analysis. Therefore, each of the factors initially

considered for this model was examined to see if it could be

1

- : . i s s
eliminated from the experiment. Maintenance technicians

- |
certainly could not be eliminated from the Fxperiment be-

cause determination of the appropriate crew?size is the main

purpose of this model. Similarly spares legei and reliabil-
o |

ity cannot be removed from the experiment. ;However, changing
' the MITR for the equipment from .5 hours to 2.0 hours will

‘have an extremely small impact on the equipment reliability.

For example, changing the MITR for the display computer

the equipment with the lowest MTBF, from .5 to 2.0 reduces
the availability of-the equipment from .9998 to .9992. Fi-
nally, varying the MITR LRUs appears to have a large effect

on the amount of time that the . 1intenance technicians were
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busy. Therefore, equipment MTTR was eliminated from the
experimentﬂ |

By eliminating one factor from the expériment tﬁe
number of runs was reduced to 48 and the experiment became
a full factorial 24 experiment. Further examination of the
model indicated that spares 1e§e1 appeared to have little
impact on the availability or the maintenance crew size.
However, since one of tha objectives of the thesis is to
determine the impact of variance of spares levels it canﬁot
be eliminated from the experiment. One way of including the
spares level into the experimental design but still reduce
the number of runs is a fractional factorial experiment.

The problem of performing a fractional factcrial ex-
periment in a 24 design is that the first order interactions
are confounded with other firet order interactions and the
main effects are confounded with the second order interac-
tions. Fortunately, if there is good reason to suspect
that one of the main effects is insignifiéant, the first

and second order interactions associated with that main

~effect are also insignificant. 1In fact, if the main effect

were zero, the interactions containing that main effect also

would be zero had the confounding would ge:insigﬁificant.
For the reasons listed in the above-paragraphs the

experimental design for this thesis was reduced from a

25 full factorial experiment on three models to a % 24

fractional factorial design. The specific design used in
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this thesis was taken from Hicks (Ref 7:308,309). In this

design, the full factorial 24 design was divided into twe
blocks in which all main effects were confounded with second
order interactions and.the first order interactions were
confounded with other first order interactions which were

considered to be zero. The resulting blocks are as follows

block I (1) ab cd abed ac bc ad bd

bleck II a b acd bed ¢ abec d abd

After the blocks were created, block I was chosen at random
and the corresponding experiments were run on the display
and ADP systéms model. The runs associated with design (1)
had all of the factcrs set to the low level, design abed-
had all of the factors set to the high level, design ab

had factors a and b set to the high level and factors c and
d set to the low level, and so forth. The results of the
runs are contained in Appendix B. |

Analysis of the Observations

The model developed for this thesis provided two
types of observations of concern. The first set of observations
are the equipment availabilities and the second set are |
the maintenance technician utilizations. Both equipment
évailability and technician utilization were analyzed using
Yates technique (Ref 7:118,119). Tables VI and VII con-

atin the analyses on one set of availability data and
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on the technician utilization data.

 Hicks describes Yates method as a procedure that
reduces the analysis to a simple adding énd'subtracting
of numbers. To perform Yates method of analysis the analyst
lists the treatment combinations in the first column as
shown in Tables VI and VII. In the second column the analys£

s records the total response to each of the treatment combin-

Ei ations. When a fractional factorial design is used those

e responses corresponding to treatment combinations not tested
o

~ .

2 are left blank. The third column is labeled {1) and the

- ‘

W

values entered in the first eight positioﬁs are the pair

%

. e

- wise sums of the responses listed in the second column. For

ol

example, in Table VI the first entry is the sum of 2.9845

A
8 e a3

”’

and zero, and the second entry is the sum of zero and 2.9983.

- .
. . Q'
’

The final eight entries in the third column is the pair wise

. . -
Sy Ny

difference of the entries in the second column. For example,

.
-
AL

in Table VI the ninth entry is -2.9845, the difference

.
- i

between zero andv2.9845.

“»

Al

.\'
P

$a :

o The entries in the fourth column, labeled (2),are

N ‘ ‘

S obtained by pair wise addition and subtraction of the third
o

= column. The entries for the fifth and sixth columns, labeled
R (2) and (4), are obtained in the same manner. The values

i; contained in the sixth column are the contrasts.

ﬁf The seventh column contains the sum of the squares of
:i the contrasts. To obtain the sum of the squares of the

w . .

» contrasts, the analyst must square the entries in the column
=

c‘ .

& labeled (4) and divide the resulting number by 3-2? where

L .

T

o

T
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'3 is the number of observations per cell and 23 is the full
factorial equivalent of the %24 factoriai experiment.,

The sum of the squares error and sum of the squares
total must be calculated in another way, however. The sum
of the squares total is computed by squaring each of the
original observations and adding the resulté.'In Table VI
.the sum of the squares total is: (.9999)2+(.9999)2+(.9998)2+
(.9999)2+(.9997)2+(.9598)2+(.9995)2+(.9999)2+(.9992)2+(.9977)2
+(.9998)2+(.9998)2+(.9997)2+(.9993)2+(.9994)2+(.9999)2+
(.9999)2+(.9998)2+(.9995)2+(.9991)24-(.9997)2+(.9949)2+(.9945)2
+(.9951)2 = 23.9514. The sum of the squarec error is computgd
by summing the squares of the differences between thevob-
ser?ation ond mean value of each cell. The sum of the squarec
error for Table VI is .00000371.

The nean square are computed by dividing the sum of
the squares by the degrees of freedom. In this case the mean
squares for the first and second order interactions is the
. same as the sum éf the squares, and the mean square error is

.90000371/16 = ,00000023.

e — To compute the F significants of the contrasts the
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~

sum of the squares of the contrast is divided by the sum
of the squates error and.compared to the F statistic with
one degree 2f freedom in the numerator and 16 degrees of
rreadcn ia the denominator, The F statistic for Tables
VI and VII are 3.05 for a ..0 confidence level and 4.49
for a .05 confidence leval. All of the F ratios in Table

VI exdead the F statistics, tnerefore all of the contrasts
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ahd interactions are significant at the .05 level.

The Yates method was also applied to the maintenance
technician utilization data and the results are in Table VII.
From Table VII it can be seen that only contrast b is insig-
nifiéant. Conﬁrast b corresponds to the spares level.

Appendix B contéins the equipment availability and
repairman utilization da*a generates by the simulation runs.
From the data in Appendix B it can be seen that the data
analyzed in Table VI is representative of the availabilities
of all of the equipment in the ILWSD and the ADP systems.
The conclusiFns that can be drawn froh the the results of

|
this simulation program are contained in Chapter VI.
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VI CONCLUSIONS AND RECOMMENDATIONS

The final part of the evaluation of a simulatioq
project is the problem analysis. 1In this step the results
of the simulation are evaluated to see if statistically
significant inferences can be made. The following section
identifies the inferences that can be drawn from this
thesis effort, and the last section identifies additional
areas of research that could be performed on this problem.

Conclusions

As stated in Chapter I the primary objective of
this thesis is to develop, test, and validate a model
which can be used to determine the number and skill level
mix of Air Force maintenance personnel necessary to maintain
the electronic equipment in the upgraded SAC Command Post.
The simulation model developed, tected and validated'for
this thesis satisfies this objective. Although the reli-
abilities used in this model may not be the same as the
reliabilities of the equipment which will eventually be
installed at the SAC Command Post and the equipment may - .
vary somewhat from the configuration used in this thesis, |
the model can be easily modified to accomodate any differ-
ences. Furthermore, the model 5hows that not. more thau
two technicians, one. 5- level and one 3-level, per crew acv:
are required to maintain the equipment planned for the

upgraded SAC Command Post.
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This thesis also has two subobjectives. The first

subobjective is to determine the sensitivity of the main-

tenance crew size to variance in equipment reliability and

:’;:‘

o
AN

- .
.

maintainability, system size and complexity, spares level,

s
A
v

¢

and system availability. The second subobjective is to

. D
o o

‘2’

determine the sensitivity of system availability to variance

.-
(3 2
o .

.
.
s

in equipment reliability and maintainability, system size

AR A
.
,',

a® .
DI S e

and complexity, spares level, and crew size. The following"

»

.
)
L

subsections address these subobjectives.

n.’

Crew Size. The data in Table VI, Chapter V, illus-

.n. i

e

/

l.l' .
2

trates the analysis of the data gathered from the simulation

runs on repairman utilization. Four factors were analyzed

ot

Oy

i: in this Table: crew size, represented by factor a; spares

I : ' .

S level, represented by factor b; equipment reliability (MTBF),

represonted by factor c; and LRU repair time, represented by

.l

|
-

" . o v
; Y factor d. The first conclusion that can be drawn from Table
! e VII is that the spares level has no significant impact on

J- maintanance personnel utilization for the levels of equip-

o7,

ment reliability, crew size and LRU repair rates chosen.

v
;v

This is apparent because the F ratio for factor b is 0.22
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and the .10 significance level for the F test is 3.05. Since

A
o~
;E the spares level is so insignificant, the first order inter-
o .
o s . . . .
35 actions associated with the spares level will also be insig-
g
Z; nificant, probably very close to zerc. Therefore, the first
Y . . . .

o order interactions that are confounded with the first order
‘A
A
= interactions containing factor b will not be significantly
N
i
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affected by the confounding.

All other main effects and first order intéractions
are significanf; even at the .01 level. This indicates
that changes in equipment veliability, LRU'repair time and
crew size do affect the amount of time.eéch maintenance
technician works. The significance of eﬁuipmeﬁt reliability
and LRU repaif time is obvious Since doubling the number of
failures will double the_amouﬁt of work and QUadrupling
the LRU repair time'Qill increase the amount of time spent
on each job,. iSimilarly, it is obvious that increasing the
number of mainteﬁance pe:sonnel will decrease the amount of
work each repairman must perforh.

From the data gathered in the simulation runs (see
Appendix B) it can be seen that two maintenance technicians
would be able to maintain the electronic systems described
in this thesis ét an availability greater than .99. 1In
éddition, the policy in 1ACOMGP is to have three shifts
performing maintenance: Day Shift, working from 0730 to 1630;
Swing Shift, Vorking from 1630 to 2400; and Mid Shift, work-
ing from 2400 to Q730. With these cbn;traints three tech-
nicians would be required on each shift to provide seven
day a .week ecoverage, and a fourth technician would be re-
quired to cover for leaves. This results in twelve tech-
nicians to covef three shifts., If however a rotating

shift schedule were used the number of technicians required

to maintain the equipment would be reduced to 10, five
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crews containing two technicians each. In addition to the
.echnicians on crew, the maintenance shop will require one
technician to be the shop supérintendent. Since the CCTV
and the upgraded voice systéms are smaller and have higher

equipment reliabilities than the ILWSD and ADP systems, two

‘maintenance technicians per crew would also be able to main-

tain the equipment in each of thosé systems.

Since the exponential distribution was used to model
the eqipment reliabilities, doubling the equipment failure
rates is essentially the same as doubling ihe size of the
system. Therefore the following conclusions can be drawn
from the data in Appendix B: o

1. 1Increasing the number of techmicians per crew
reduces the amount of time each technician wqfks,

_ but two technicians per crew in each maintenance
shop can maintain the equipment at a greater
than 99 percent availabili&y.

2. Doubling the failure rate, or equivalently dcubling
the system size, has a significant effect on the
amount of time each techniciah works, but with
the system modeled for this thesis two technicians
would be capable of maintaining a system with
double the failures and still maintain an avail-
ability greater than 99 pé cent.

3. Quadrupling the repair time for the LRUs signif-

icantly affects the amount of time each technician
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~ spends working, but two technicians are still
capable of maintaining an equipment availability
greater than 99 percent.

Availability. The sensitivity of equipment avail-

ability to variance in crew size, spares level, equipment
reliability, and LRU repair time was analyzed in Table VI.
From Table VI it can be seen that even though the equipment
availability never dropped below 99'perceht, all factors
analyzed in this thesis were significant, even at the .01
level. This implies that largg enough éhanges'in the equip-
ment reliability, system size, spares level, or LRU MITR could

significantly reduce the equipment availability. Furthre-

- more, all of the first order interactions were significant.

This implies that changes in the more than one factor would
produce an even greater change in the system availability.
Although all of the factors analyzed have a significant
effect on the equipment availability, the modeled systems
would still have an availability greater than 99 peccent
even if the system size were doubled. This impliés that at
the reliabilities used in this model, there is a great deal
of variance that can occur before the equipment availability
is seriously affected.

Recommendations

The analysis performed for this thesis was accomp-
lished using estimates of the system design, equipment

reliabilities and maintainabilities, and the LRU repair
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time. When the final system design'fof thé upgradéd SAC
Command Post is determined, the model developed for this
thesis should be modified to reflect any defferences and run
to determine if the crew size estimated ih this thesis

is still valid.

In this thesis the systems were modeled to determine
how many maintenance technicians are required to maintain
the equipment modeled. At SAC Headquaretrs, however, there
are many existing maintenance shops. A study should be
performed to determine if the existing maintenance shops
could maintain the new equipment with little or no increase
in manpower requirements. Possible maintenance shops to
evaluate for this study incluse the Digital Television
Element (DTVE) maintenance, the SACDIN maintenance, and the

future CCPDS maintenance shops.
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APPENDIX B

Results of 24 Simulation Runs

Y OSEED 1 (1) 1 .9962257.6851
3__SEED 1 (1) 2 ,99%5389L139:5-
SEED 1 (1) 3 (905600074247
SEED 1 (1) & ,9943563138732.
SEED 1 (1) S .997922«21572~
SEED 1 (1) 7 «993254667356¢
—SEED 1 (1) B ,99671%67323825
SEED 1 (1) 9 ,997714992332%
—SEED 1 ¢1) 1% ,994678723772-7
SEED 1 (1) 11 .93436876534~9
__SEED 1 (1) 12 ,99.92,522%27a
SEED 1 (1) 13 99816826172 &
__SEED 1 (1) 14 .936772-GR21:Ei6
SEED 1 (1) 135 ,993:8431173.3
SEFD 1 (5) 18 ,93757.8158379
SEED 1 (.) 17 1,

__SEED 1 (1) 13 .9965776752332
CSEED 1 (1) 19 ,9351802771223 '
__DEED 1 (i} 27 .93966336:32298

SEED 1 (1) 21 ,9971193533235
—SEfD 1 (1) 22 .9935214972¢€3%2

SEEQ 1 (1) 23 9979949134636
__SEED 1 (1) 24 ,9934172611-458

SEED 1 (1) 25 ,99737.3956556

SEED - 26 2991503692984

SEED 1 (1) 27 .,93633832519:3 _
—SEED 4 €2) 23 .99739263.3573

'SEED 1 (1) 23 ,3975357u85511
SEED 1 (1) 37 .99528830216:.3

SEED 1 (1) 31 +398«1uut1d32 .
—SEED 1 (1) 32 .997443721639%

SEED 1 (1) 33 ,9951472625791

SEED (1) 3. >: e

SEED 1 (1) 35 ,999i671975293
—ScED 1 (1) 36 ,994739929-991

SEED 1 (1) 37 .9993669?23619
—SEED 1 (1) 33 .

SCED 1 (1) 39 .999367#»841 L

SEED 1 (1) ‘-01. .99732!.&368’5(5‘*
—SEED 4 (1) 42 .39973470329532

SEED 1 (1) 43 ,9933839+.21125
—SEED 1 (1) o9& 4997312163402~
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‘Captain Harold R. Agnew was Born on 27 November 1947 in
Tyler, Texas. He graduated from high school in Atchison,
Kansas, in 1965 and enlisted in the Air Force after one year
of college. While in the Air Force he attended college part

time and received a Bachelor of General Studies degree in

‘Mathematics from the University of Nebraska at Omaha in May

1978. Upon graduation, He attended Officer Training School
at Lackland AFB, Texas, where he received his‘commission.
After receiving his ccmmission Captain Agnew attended the
Systems Analyst course at Keesler AFB for three menths,
enroute to Péterson AFB, Calarado. At Peterson AFB, he
served'as a Systems Technology Officer for the Directorate
for Technical Engineering, Headquarters NORAD/ADCOM. Later
he sérved in the newly formed Systems Integfationvoffice,

where he preformed systems engineering until he entered the

7School of Englneerlng, A1r Force Instltute of Technology, in

May 1982.

Perﬁanent address: 1509 So 7th Street

Atchison Kansas 66002
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